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ABSTRACT
Several hydrological studies claim that available water resources in a catchment are affected
by large scale afforestation, especially where the regional rainfall is considered marginal for
the support of silviculture. Nevertheless, the mechanisms and magnitude of the
perturbations to the receiving water resources due to afforestation are still not clearly
understood. To improve this understanding an intensive hydrological experiment has been
initiated in the small grassed Weatherly catchment of the Mondi, North East Cape Forests.
Details of the soil water dynamics on the Molteno formations in the catchment have been
be studied.
This research presents a description and first results of the establishment of an experiment
which comprises monitoring the water budget of the grassed catchment prior to the
afforestation of the catchment to plantations of exotic trees. The studies currently include,
monitoring the infiltration and redistribution of soil water on a hillslope as well as
monitoring of interflow mechanisms and localised mechanisms of soil water accumulation
influenced by the topography and geology of the catchment. In addition to the intensive soil
water monitoring, specific experimentation has been conducted at various locations on the
hillslope. These comprise macropore flow process studies and 2-dimensional tracer
experiments. Details of these experiments as well as the automated soil water and
groundwater monitoring instrumentation are presented. An intensive soil survey on a 30 m
x 30 m grid as well as a comprehensive measurement strategy of soil physical and hydraulic
properties are highlighted. A review of 2-dimensional numerical hillslope soil water process
models is also presented.
Results from this research show that on hillslopes underlain by Molteno sandstones localised
perched water tables form. These water bodies, upon reaching a critical height above the
bedrock cascade downslope as interflow recharging the water bodies downslope. The
response to infiltration increases downslope and in the toe region interflow occurs readily
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1. INTRODUCTION
Mondi Forests is playing an important role in assisting with the Reconstruction and
Development Programme's (RDP) objectives. One main objective of the RDP is to achieve
the building of 300 000 new houses per annum. To achieve this objective, a large supply of
saw timber and pulpwood is required. In response to these demands Scotcher (1995), cited
by Summerton (1995), has estimated that afforestation needs to increase by 500 000 ha over
the next 30 years. A second objective of the RDP is to create jobs for the many
unemployed people in South Africa. Forestry has been seen to be an important rural
developer, requiring a large work force, especially in large scale afforestation, providing
many secondary jobs requiring unskilled labour. In a recent survey, the Eastern Cape
Province, within which the north East Cape region (NEC) is located was listed as the
second poorest province in South Africa (Gardner, 1997). In response to Scotcher's (1995)
assertions and the RDP's requirements, an important question needs to be answered: Which
areas, in South Africa, which are not afforested can satisfy future large scale afforestation?
The NEC, although climatically and physio graphically marginal for the support of
silviculture, was seen to be one of the viable locations for large scale expansion in terms of
afforestation and job creation. The NEC was identified to be one of the last remaining areas
in southern Africa suitable for afforestation, taking into account the current requirements
of the forestry permit system. A factor inducing concern, is that the NEC region forms a
major part of the Umzimvubu catchment, which has its source regions in the Drakensberg.
Concerns regarding the impacts of commercial forestry on the water resources are therefore
justified. Afforestation in southern Africa is occurring more frequently on these hillslope
headwater regions and DWAF (1995), cited by Summerton (1995) has estimated that
commercial forest plantations are reducing the available water of South Africa by 3.5%
(which is approximately 7.6% of the country's total current water demand). Bosch and
Hewlett (1982) have shown that the tree species Pinus patula and Eucalyptus grandis
cause an average of 40 mm change in water yields for every 10% change of forest cover.
Furthermore, apart from the impact of afforestation on water resources, concerns extend
further, namely to the sustainability of forestry in the NEC. The NEC comprises hilly terrain
with mostly shallow soils interfaced with fractured semi-permeable bedrock. The extent of
commercial sustainability is therefore questionable when compared with the suitability of
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afforestation in Zululand, for example, which has deep soils and good rainfall, rendering
excellent conditions for commercial forestry.
Hydrological processes which occur on hillslopes are very complex and therefore a need
to study them before reaching conclusions on tree water use under these conditions is
essential. Infiltrating water tends to move vertically through the soil profile, and upon
reaching the soil-bedrock interface, moves laterally downslope as interflow. Upon reaching
the toe region, at the base of the hillslope, a build-up of soil water occurs, creating a
saturated region. As this soil water build-up continues, exfiltration may occur, with water
exiting the soil profile, moving over the soil surface as return flow, which may later re-
infiltrate the soil further downslope. Many NEC soils also exhibit a proliferation of
macropores and pipes that are hydrologically important, since water entering these conduits
moves as preferential flow, bypassing the soil matrix by moving either directly to the
bedrock or exiting further down the slope. Furthermore, where fractured bedrock occurs
there is a likelihood that localised and perched water tables may develop.
The dominant questions regarding afforestation on these hillslopes are:
a. the viability of planting trees in this climatically marginal region,
b. the effect of saturated and water logging conditions in the toe region of the
hillslopes and
c. the impact of afforestation on the soil moisture, water tables and interflow.
To answer these questions, two research phases have been initiated. The first phase will
form the focus of this research and has the following objectives:
a. to understand and identify the dominant subsurface processes occurring at the
hillslope scale,
b. using an intensive hillslope experiment, where the soil moisture, water table heights
and soil water potentials of the soils will be monitored continuously, followed by
c. the development of a hillslope water budget and the use of an appropriate hillslope
model, using measured and monitored data, to describe the soil water movement
down a hillslope.
This first phase, approximately two years in duration, will enable questions regarding the
dominant subsurface processes at the hillslope scale to be answered. The second phase,
which is not dealt with in this initial study, will be to monitor these dominant processes,
once forested trials have been established on the catchment which is currently under natural
grassland. Data and results from this second phase, inter alia, will enable decisions to be
made regarding the viability of afforestation in the NEC.
To meet these first phase objectives, a comprehensive literature review (Chapter 2) has
been conducted, in which hillslope subsurface processes are outlined and methods used in
their measurement discussed.
In Chapter 3 the selection of appropriate hillslope models is presented, with the various
approaches used in modelling infiltration and redistribution being described. Three selected
hillslope soil water models, used to simulate subsurface processes at the hillslope scale, are
reviewed. These models simulate subsurface processes, especially interflow on hillslopes
having shallow soils underlain by semi-impermeable bedrock. These models are TOVACRU
(Schulze, 1995: Howe, 1997), HILL5D (Hebbert and Smith, 1996) and the HILLFLOW
3-D (Bronstert, 1995).
A catchment has been selected which typifies the NEC region in terms of the soils,
vegetation, geology and topography. The catchment, called Weatherly , is situated 5 km
east of Maclear in the NEC. The methodology used in this first phase of research comprised
two components. First, initial field work consisting of the determination of particle size
distribution (PSD), bulk density (pb), porosity ($), hydraulic conductivity (K) and water
retention characteristics (WRC) of the soils at Weatherly was undertaken. These
measurements were conducted on one hillslope transect, having a 11% slope. It is on this
transect, called Transect 1, where research of this first phase is concentrated. Various
surveys were conducted to determine the geology, soils, bedrock and topography of
Transect 1. Secondly, an intensive hillslope experiment was established, in an attempt to
identify and monitor the dominant subsurface processes that occur at this hillslope scale.
The experiment comprises neutron moisture meter (NMM) measurements to measure the
soil moisture status, piezometer tubes (GW) to monitor groundwater fluctuations and
automated tensiometers (Nest) to monitor soil water potentials. Data from each of these
instruments give information regarding the redistribution of water within the soil profile
from which the extent of interflow can be inferred. Both components of this first stage of
research are outlined in Chapter 4. Data from these field measurements and the monitoring
of the instruments, with results, are presented in Chapter 5.
In Chapter 6 a simple hillsbpe water budget model is developed which takes into account
additions to and removals out of the hillslope system. The water budget, in a simplified
form, accounts for lateral flow (L), additions to the water table (GI), rainfall (R), removals
from the water table (GO), evapotranspiration (ET), runoff (RO) and percolation through
the bedrock (P). Using data measured and monitored, each variable is calculated and
summed according to the following equation:
L+GI+R-(GO+ET+RO+P) = ASV+ASG
The result of the left-hand side of the equation should be equal to the sum of the change in
the soil water in the vadose zone (ASV) and the change in the groundwater store (ASG).
Such a water budget is used to identify the dominant processes occurring within the
hillslope. Results from the water budget study were used to define input parameters for the
EQLL5D model. This model was used to simulate the movement of the perched water table
down the hillslope. Results from these HILL5D simulations were hoped to be similar to
those determined using the water budget. These model outputs were then compared with
actual monitored data. Conclusions have been drawn regarding the redistribution of soil
water within the soil profile, with the movement of perched water tables downslope as
interflow.
A discussion of these initial results, both measured and simulated, are presented in Chapter
7, together with a concise conclusion. Since this research is one of the first studies of its
kind in South Africa a number of recommendations for future research are summarized in
Chapter 8. These recommendations include a discussion on how the experiment can be
improved allowing for less maintenance of the instrumentation.
2. HILLSLOPE SUBSURFACE PROCESSES
The generation of streamflow is a complex process and an important one, especially at the
hillslope scale, since it is in these areas that major rivers have their source. Runoff, baseflow
and subsurface flow processes dominate many catchment storm flow hydrographs. At the
hillslope scale, especially where soils are shallow, interfaced with semi-permeable bedrock,
subsurface flows may contribute significantly to the hillslope storm flow hydrograph. To
determine the extent of this subsurface flow contribution, various techniques and methods
can be used to measure it. Sophisticated monitoring leads to a better understanding of
subsurface flow processes at hillslope scales, which allows the use of models representing
an increasingly complex array of processes (Anderson and Brooks, 1996). These models are
very useful once calibrated in a test catchment to simulate the extent of different processes
in other un-monitored catchments. The sections which follow include the discussion of
selected hydrological processes which occur at the hillslope scale. As a matter of definition,
subsurface processes refer to all processes occurring within the soil and subsurface flow is
the process of interflow or lateral flow.
2.1 Subsurface Processes
Until the 1960s the notion of runoff generation was predominantly based on the Hortonian
concept of overland flow (Horton, 1933 cited by Kirkby, 1988). Subsequent studies by
Dunne and Black (1970), Harr (1977), Pilgrim, Huff and Doak Steele (1978) and others,
have proved that Hortonian overland flow is only one of several mechanisms by which
runoff is generated. The other recognised mechanisms of streamflow generation on
hillslopes are subsurface flow (Dunne and Black, 1970), saturated overland and deep aquifer
flow (Smith and Hebbert, 1983) and macropore flow (Bevan and Germann, 1982). Hillslope
hydrology involves primarily flow processes within the soil and over the soil surface
(Anderson and Burt, 1990). Understanding the contribution of each to the overall water
budget is important (McCarthy, Flewelling and Skaggs, 1991). This section deals with these
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Figure 1. Flow routes of different hillslope processes within the soil (after
Anderson and Burt, 1990).
Rainfall is partitioned into overland and subsurface flow processes (Kirkby, 1988) and at
any point on a hillslope or within a soil, water moves in response to a potential gradient due
to gravity and by a water pressure or tension, also referred to as the soil matric potential.
The soil water potential is a key variable in the hillslope hydrological cycle and in the flow
mechanisms which operate within the soil. During a rainfall event, infiltration will occur if
the rainfall intensity is less than the infiltration rate of the soil. If the rainfall intensity
exceeds the infiltration rate, ponding on the soil surface will occur followed by Hortonian
overland flow. If ponding is sufficiently high, corresponding to a large head of water,
macropore flow may occur, if macropores are present. Infiltration is dependent on the type
of soil and its hydraulic conductivity (K). During and after a rainfall event, water
redistributes within the soil, following different flow pathways within the saturated and
unsaturated zones. Upon reaching a layer of low conductivity, a localised water table may
develop followed by downslope subsurface flow in response to hydraulic gradients. This
often leads to the possible development of saturated regions inducing return flow (depicted
in Figure 1). Each of these processes and their interaction with one another is now
reviewed, with reference to Figure 1, beginning with infiltration and redistribution.
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2.1.1 Infiltration and Redistribution
Infiltration is defined at the process where water enters the soil from either rainfall, overland
flow or irrigation and is determined, according to Morel-Seytoux (1983), by estimating the
moisture contents within the soil. The actual infiltration flux is dependent on the antecedent
moisture content (AMC) within the soil, which in turn influences the depth of the wetting
front. This wetting front moves down the profile, with the area behind it increasing in
saturation. Some infiltrated water may finally reach the saturated zone causing a possible
rise in the phreatic surface (McCarthy, Skaggs and Farnum, 1991). With prolonged rainfall
and depending on the soil depth and the depth to the water table, the phreatic surface could
intersect with the soil surface after which saturated overland flow could occur, as shown
in Figure 1. Redistribution is the soil water movement from one point to another within the
soil (Rawls, Ahuja, Brakensiek and Shirmohammadi, 1992) and is affected by the K of the
soil, the WRC, vertical potential gradient across the soil layers and the soil's physical
properties. Infiltration, redistribution and position on the hillslope therefore dictates the type
of subsurface processes which can occur. These subsurface processes are discussed in the
following sections.
2.1.2 Subsurface Flow
Chorley (1978) defines subsurface flow as " that part of streamflow which is derived from
the subsurface flow of water in saturated soil zones above water impeding layers, especially
in basal hillslope soils, which discharges directly into the stream channel without entering
the groundwater zone." It is commonly accepted that subsurface flow is a major runoff
generating mechanism (Dunne and Black, 1970) and is a dominant contributor to storm
flow (Hewlett, Fortson and Cunningham, 1984). Turton, Haan and Miller (1992) show that
subsurface flow contributes to both quickflow and delayed flow. Corbett (1979), cited by
Sloan, Moore, Coltharp and Eigel (1983), has estimated subsurface flow to contribute 75-
95% of total storm flow volume, causing a rapid contribution to streamflow producing
peaks in discharge within one to two hours after a rainfall event (Burt, 1985).
Three mechanisms cause this rapid subsurface discharge, viz. pipe flow, macropore flow
and flow within the capillary fringe, which can be considered to be slow, but can be
increased when the saturated conductivity (K,.) and the phreatic surface are high. The
capillary fringe can be defined as either the unsaturated zone above the water table, but
below the point where soil drainage occurs (Burt, 1995), or as the saturated portion
between atmospheric and air entry pressure (Lorentz, 1997).
Sklash, Stewart and Pearce (1986) claim that storm flow is dominated by the rapid
displacement of old water, which is soil water which resides in the soil before rainfall, and
steepened hydraulic gradients resulting from the formation of saturated wedges at seepage
faces, which explains a rapid subsurface flow flux. According to Turton, Barnes and de
Jesus Navar (1995) streamflow, especially in forested catchments, has varying ratios of old
and new water. This ratio gives an indication as to how the water entering the catchment
mixes with the soil water and groundwater already present. Conclusions can be drawn from
these ratios regarding which processes are dominating the hillslope hydrograph. Both
Turton et al. (1995) and Wilson, Jardine, Luxmoore, Zelanzny, Lietzke and Todd (1991)
have shown that the percentage of old water is initially high with the onset of interflow and
then decreases, with the percentage of old water being at its lowest when interflow reaches
its peak. In areas which have a proliferation of macropores, new water can bypass the soil
matrix to the bedrock, thus contributing to interflow rapidly, after which the mixing of old
and new water occurs (Peters, Buttle, Taylor and LaZete, 1995). Factors which affect the
ratio of old to new water include the rainfall intensity, duration and AMC. Using the ratio,
Wilson et al. (1991), have shown that perched water table development is the predominant
mechanism of flow through lower layers during moderate to high water fluxes. During
higher fluxes, subsurface flow response consists largely of new water which has bypassed
the soil matrix via macropore flow, with the percentage of old water increasing during later
stages of the event.
Many factors and conditions conducive to subsurface flow have been realised through
specific experimentation. A major prerequisite for saturated subsurface flow generation, is
shallow permeable soil on steep slopes, with the soil having a relatively high K, but being
underlain by a semi-permeable or impermeable layer of lower K (Sloan and Moore, 1984),
or bedrock. Factors which influence the timing and amount of subsurface flow include the
AMC before the storm (Wilson, Jardine, Luxmoore and Jones, 1990), rainfall amount and
intensity, soil depth and the physical properties of the soil such as texture and structure
(Whipky and Kirkby, 1978). Lehman and Ahuja (1985) have shown that the water
temperature and AMC control subsurface flow. This was substantiated by Turton et al.
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(1992), who preformed an accurate study of interflow interception on a naturally exposed
face at a stream bank where changes as small as 1 litre could be detected. This research
showed that as the AMC increased, interflow volumes exiting the soil face increased with
time.
Beckedahl (1996) demonstrated that in a coarse textured soil the dominant flow direction
is usually vertical, whereas in a fine textured soil the resistance to vertical flow on a slope
results in a lateral movement of shallow subsurface flow, which increases with an increase
in wetted depth and soil water content (Wallach and Zaslavsky, 1991). It must be made
clear that subsurface flow can occur in deep soils, but its response to a storm will be delayed
compared with that of a shallow soil. Other factors which influence the timing and amount
of subsurface flow are the spatial distribution of the soil water content (Mulholland,
Wilson, and Jardine, 1990), slope concavity or convexity, slope length to depth ratio and
leakiness of restrictive layers. An entire hillslope does not contribute equally to subsurface
flow. Therefore, topography, together with concave regions, is an important controlling
factor. Wallach and Zaslasky (1991) have shown that it is only the unsaturated flow
component which is proportional to the slope angle and soil anisotropy, with the result that
water accumulates in concave regions producing local saturation and exfiltration. These
concave regions often occur at the base or toe region of the hillslope. Furthermore, the
vegetation, lithology, rainfall duration as well as intensity play important roles in the
generation of subsurface flow (Wilson et ah, 1990).
Once infiltrated water reaches the interface between layers of differing conductivities, a
saturated wedge can form (Weyman, 1973), as shown in Figure 1. If this saturated wedge
is on the midslope, subsurface flow moves through the soil laterally as a perched water table
as the hydraulic gradient increases. Fernandes, Netto and Lacerda (1994) have shown that
interflow depends on the AMC and that the interflow contributing areas expand and
contract throughout the rainy season. A saturated wedge at the toe of the hillslope causes
possible exfiltration, as discussed in Section 2.1.3 below.
2.1.3 Exfiltration and Return flow
The capillary fringe contributes rapidly to the groundwater response. This zone above the
water table, which is diffuse and variable with time (Hillel, 1982), may be saturated under
negative pressures extending to the soil surface. Figure 2 shows the relationship between
the WRC of the soil and the capillary fringe. The WRC is defined as the soil's ability to
store and release water and is the functional relationship between the soil water content and
the soil matric potential of the soil.
















Soil saturation (% 100
Figure 2. A schematic diagram to illustrate the relationship between the water
retention characteristic and the capillary fringe (after Burt, 1985).
Three points: A, B and C represent imaginary soil surfaces. Points A and B represent a near
saturated soil with the capillary fringe intersecting the soil surface at B. A low intensity
rainfall event will result in most of the rainfall being infiltrated, usually causing an immediate
rise of the water table. Flow will then be directed laterally to the toe of the slope, resulting
in a region of zero pressure head. On the other hand, at point C, infiltration will occur, with
a subsequent delayed subsurface flow response.
Groundwater ridging is another concept which could account for the rapid subsurface flow
(Sklash and Farvolden, 1979). Groundwater ridging is limited to the near channel region and
is a result of redistribution between the capillary fringe and the phreatic surface after a
rainfall event. In this region of the hillslope the phreatic surface could intersect the soil
surface and saturated overland flow will occur, as shown in Figure 1.
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This process, known as exfiltration, occurs when subsurface flow exits a hillslope through
the groundwater body (Wallach and Zaslavsky, 1991) or is diverted by an impermeable
layer (in response to increased hydraulic gradients), moving over the soil surface as return
flow. It predominates in the lower parts of slopes (Tsukamoto and Ohta, 1988). Exfiltration
and return flow depend on topographic convergence, emergence of macropores, thin soils
and impermeable layers (Stagnetti and Parlange, 1987) and can occur on flat to moderately
steep terrain (Kubota and Sivapalan, 1995). The emergence of macropores in the toe region
enhances exfiltration and is discussed in Section 2.1.4 below.
2.1.4 Macropore Flow
Porous media often have a variety of heterogenities such as fractures, cracks, pipes and
macropores. These structures affect water movement at the macroscopic scale creating non-
uniform flow fields with widely differing velocities (Gerke and van Genuchten, 1993). Soil
pores can be described as either macropores, mesopores or micropores. It is often difficult
to distinguish between the matrix and macropore flow. Generally, however, laminar flow
obeying Darcy's law flows in the matrix, whereas turbulent flow occurs in macropores.
Macropores are saturated at pressure potentials near and above zero (Bevan and Germann,
1982), and have been known to be continuous for distances up to a few metres both in the
vertical and horizontal direction. They can be large or small, discrete or continuous,
relatively straight or tortuous, numerous or scarce, all of which affect the magnitude of
possible preferential flow (Ahuja, DeCoursey, Barnes and Rojas, 1991). Pipes are regarded
as macropores which have undergone erosion and are enlarged as a result.
There is considerable debate related to water movement in macropores. Shaffer, Fritton,
and Baker (1979), cited by Habib, Zartman and Ramsey (1988), claim that in certain soils
more than 90% of water can flow along preferential flow pathways. On the other hand
Denning, Bouma, Falayi and van Rooyen (1974) report that although macropores make
up the highest percentage of total (J), they conduct only a small percentage of water. This
dichotomy could possibly be explained if one considers the rate of supply of water to the
soil. As precipitation begins, water infiltrates the soil matrix through the micropores. As the
wetting front moves down the profile, the area behind the front will increase in soil water
content. Once the soil is close to saturation, macropore flow could begin if the supply of
water is adequate and/or the macropores are open at the surface (Figure 3), with gravity
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being the principal driving force for macropore flow (Germann and DiPietro, 1996). This














Figure 3. Presentation of the fluxes occurring during infiltration into bimodal
soils (after Germann, 1990).
If a hydraulic gradient exists in the surrounding matrix, water sorbance will take place from
the macropores to the micropores (Bevan and Germann, 1982), as shown in Figure 3. Flow
out of the macropores into the matrix will continue if the matric potential in the matrix
remains negative and the gradient from macropore to micropore is positive. As the matrix
next to the macropores becomes wetter, the flow into the matrix declines as the hydraulic
gradient decreases. When the entire soil profile is saturated, or if the supply rate is
sufficiently rapid, ponding will occur on the soil surface with rapid drainage into the
macropores (Bevan and Germann, 1982). Macropores can deliver water at greater velocities
and lower tensions than the surrounding soil matrix (Bevan and Germann, 1982) and can
occur within both unsaturated and saturated zones.
With a clearer understanding of the main subsurface processes which can occur on
hillslopes, techniques used in their measurement can be reviewed. Measuring these
processes is vital prior to any simulation modelling, as subsurface process contributions can
be determined and in addition, the dominant processes can be established under varying
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conditions. Some of the more common techniques used to measure these subsurface
processes are reviewed next.
2.2 Measurement of Subsurface Processes
In hydrological simulation modelling, more attention and stature are often given to
modelling a system rather than to the experiments upon which the modelling should be
based (Wagenet, 1988), which leads to a common question: which should come first, the
modelling of a system or the understanding of the basic processes operating it? To measure
and understand the hydrological processes is important before these processes can be
modelled. With a knowledge of these processes and collected data, a sound database can
be established by which the model can be tested and verified, which then enables the model
to work well for the right reasons (Wagenet, 1988).
To measure the rate or magnitude of any hydrological phenomenon it is necessary to
understand what one is trying to measure (Atkinson, 1978). Measuring these processes is
a difficult task and can be divided into three categories according to Atkinson (1978), unless
otherwise specified.
a. First, methods may be used which involve the interception of flow, where all or part
of the flow is intercepted and channelled into measuring devices to determine the
volumes of macropore flow, matrix flow and interflow. This includes the addition
of tracers, where either radioactive compounds or fluorescent dyes are placed in
groundwater piezometers and detected at another point to determine the
contributions to the matrix and macropores and the rate of groundwater flow.
b. Secondly, indirect methods may be used where the moisture contents, depth to
groundwater and hydraulic potentials are measured over the hillslope. These data
are used to calculate and deduce matrix flow, redistribution, movement of localized
water tables downslope (interflow) and to calculate the moisture flux in both the
unsaturated and saturated zones. These methods include the measurement of old
(groundwater) and new (rainfall) water ratios, which are used to determine which
processes dominate the streamflow hydrograph (Turton et al., 1995; Anderson and
Brooks, 1996).
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c. Thirdly, direct methods using specific instruments, such as the sorptivity tube
(Clothier and White, 1981), disk permeater (Perroux and White, 1988) or
macropore infiltrometer (Wang, Norman and McSweeny 1994) may be applied.
These methods are time consuming, give site specific results and cannot determine
the geometrical extent of the macro pores.
Most of the current experimental research being performed in determining these subsurface
processes uses a combination of these three methods. Consequently, common methods used
in the literature are reviewed together, omitting the water ratio and direct methods.
2.2.1 Interception of Flow and Indirect Methods
In measuring subsurface and macropore flow, most studies have involved either exposing
a vertical face of soil across the base of the hillslope, or the use of an existing natural
seepage face. A common experimental setup involves the construction of throughflow
troughs and gutters at the base of, or at distinct layers in the exposed face, usually where
there is a marked change in pb, to monitor subsurface flow. To determine the extent of
macropore flow, tubing is usually placed and sealed within actual macropores and the water
is routed to collection vessels. In both cases water flowing from the soil can be measured
using flumes or tipping buckets to calculate flow contributions from various horizons, in
response to rainfall events. Figure 4 depicts an experiment conducted by Tsuboyama, Sidle,
Noguchi and Hosada (1994) where both interflow and macropore flow was intercepted
from an exposed vertical face, to identify specific mechanisms and pathways of interflow,
with respect to matrix and macropore flow. Macropore continuity, direction and size were
determined by probing the macropores with wire and measuring the diameters. Macropores
having similar diameters were grouped and channelled into collection containers via tipping
buckets as shown in Figure 4.
In this particular experiment (Figure 4) macropores one through seven in the A-horizon
were grouped together, with the remainder being grouped according to size. Tensiometers
were inserted at different depths upslope of the excavation pit to monitor the redistribution
of water in the soil profile. Data collected from the tensiometers enabled the construction
of flow lines which were used to correct for distortions in the flow (cf. Sections 2.2.1.1 and
2.2.1.2). Results of this experiment showed the variability in contributions from the soil
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matrix and macropores. Matrix flow occurred within the surface layers at the onset of
rainfall, followed by a rise in the phreatic surface, probably in response to preferential flow
(Weyman, 1973).






H — Sampling bottle
Figu re 4. Interception of macropore and interflow (after Tsuboyama et al.,
1994).
In a similar experiment Turton et al. (1992) showed that macropores can deliver interflow
at high velocities and lower tensions than the surrounding matrix, with flow occurring in
both saturated and unsaturated conditions (Wilson, Jardine, O'Dell and Collineau 1993).
Jeje, Ogunkoya and 'Uyi (1986) showed some unexpected results where much of the
measured interflow occurred from the surface horizons only. This occurrence could possibly
be explained by a relatively thick litter layer present, having a higher K compared with the
physical soil surface.
A common conclusion drawn from interception of flow studies is that interflow occurs
predominately in deeper horizons with a large variability of interflow contributions in all
the other horizons, dependent on the storm's characteristics (Koide and Wheater, 1992).
Hillslopes have different responses and variations can range spatially and temporally
(Whipkey and Kirkby, 1978) across a plot and vertically down the soil profile. This is
demonstrated by Wilson et al. (1991), where a trench was excavated at the base of a
hillslope, which had a seepage area running down the centre with converging slopes on
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either side of it. Interflow volumes were the greatest from this seepage area as it was
surmised that flow converged laterally into this draw region in response to hydraulic
gradients. Furthermore Parlange, Steenhuis, Timlin, Stagnitti and Bryant (1989) have
shown interflow on hillslopes with fragipan horizons to move vertically through this
impermeable layer through cracks exiting beneath it. A fragipan horizon is one which has
a high clay content. With the drying of these soils cracks develop, which become filled with
smaller soil particles from above. Once a sufficient head of water develops on this layer
water is forced through the cracks and water 'leaks' out of the system, exiting as subsurface
flow below the impermeable layer.
Using piezometer tubes, installed to either bedrock or within different soil horizons, depth
to groundwater can be determined. Piezometer tubes installed within horizons allow the
measurement of perched water tables. Depths to groundwater are recorded using either
pressure transducers placed at the base of the piezometers, which record pressure changes
in response to a changing head of water, or by using styrofoam markers to record maximum
water table heights reached (Thompson and Moore, 1996). Groundwater measurements are
important, as changes in storage can be calculated together with increases or decreases in
the hydraulic gradient, which is the driving force behind the generation of saturated
subsurface flow down a hillslope. During low and moderate flows, Tsukamato and Ohtu
(1988) observed perched water table development to be small compared with higher flows
where there was a substantial growth in the water table, yielding larger subsurface flows.
Although interception of subsurface flow is a commonly used method to determine
macropore flow and interflow directly it is not without problems, especially at artificially
exposed seepage faces. Artificially excavated seepage faces induce saturated throughflow
which almost certainly would not occur in undisturbed profiles. In addition, distortion of
flow occurs where water can either converge or diverge away from the seepage face under
different conditions as discussed in Sections 2.2.1.1 and 2.2.1.2 below.
2.2.1.1 Saturated Throughflow in Trenches
The technique of collecting water from a seepage face will only collect saturated
throughflow (Atkinson, 1978). In order for the water to move out of the face, atmospheric
pressure must be reached. Thus, the soil at this exposed face must be saturated and
16
inevitably a wedge of saturated soil will extend upslope which would not normally be there
had an artificial face not been constructed. This anomaly is shown in Figure 5.
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Figure 5. Effects of a pit in distorting unsaturated downslope flow. (A)
Profile before the digging of the pit, and (B) the profile after the pit
has been dug (after Atkinson, 1978).
If there is a downslope flux of moisture throughout the whole thickness of the soil under
unsaturated conditions, point A, shown in Figure 5, will have a pressure potential which
varies between (j)A to 4>B at the base of the soil profile. Unsaturated flow will prevail in the
absence of a water table. After a soil face is exposed, water can only leave the free surface
once the matric potential at the free face exceeds zero. For this condition to be met the soil
needs to be saturated. A saturated wedge forms upslope of the exposed face, giving rise to
a hydraulic gradient which results in a subsequent pressure increase, which forces water out
of the exposed face as saturated throughflow.
2.2.1.2 Distortion of Flow
Apart from saturated throughflow occurring at artificially exposed seepage faces, the net
hydraulic potential on the hillslope is distorted, as depicted in Figure 6. This implies that the
exposed face receives drainage from areas which are not directly upslope. The hydraulic
potential within the slope is distorted above the exposed face so that downslope drainage
17
on either side of the pit is channelled towards the free face when the natural interflow is
unsaturated (Figure 6a) and outwards around the pit when a wedge of saturated soil
(Figure 6b) is formed (Knapp, 1973; cited by Atkinson, 1978).
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Figure 6. Distortions of flow, (a) Unsaturated conditions, (b) Saturated
conditions (after Atkinson, 1978).
Using tensiometers upslope of these exposed faces, these anomalies can be corrected by
determining the hydraulic potentials within the soil at different depths. These data were
used to construct equi-potential lines and flow lines delimiting the contributing area. A
solution to circumvent these effects would be to backfill the trench following the installation
of the gutters and troughs. If done correctly, hydraulic continuity can be achieved, thus
eliminating these effects.
The hydrology of subsurface flow on a hillslope is essentially a black-box problem
(Atkinson, 1978). To measure these processes directly, one is often forced to use methods
or instruments which disturb the very things one is trying to measure. This situation can be
avoided by using tracers to obtain information on the path, dilution and dispersion of soil
water through hillslopes, thus the velocity, direction of soil water movement and flow
pathways can be elucidated. Section 2.2.2 outlines briefly some of the more important
tracers used to measure hydrological processes.
2.2.2 Tracers
Tracers are unique in investigating hydrological processes on a large temporal and spatial
scale, with the most useful tracers being tritium, chloride-36 and meteoric chloride. Dye
tracers are useful to trace subsurface flow since they are mobile, distinctly visible and non
toxic (Flury and Fluhler, 1995). Two main dye tracers are used in the study of soil water
movement. The first are fluorescent dyes, which strongly absorb light of certain wavelengths
and reflect radiation of a longer wavelength. These dyes adsorb to clays and organic matter
and a compromise proposed by Trudgill, Pickles, Smettem, and Crabtree (1983) is that if
the subsurface flow is rapid, the adsorption rate may be slow in comparison. Non
fluorescent dyes are classified as acid, basic or dispersive, with the former being most suited
to water tracing. Radioactive tracers are an excellent way to monitor subsurface flows since
they are easily detectable at low concentrations, but they require sophisticated detection
equipment, knowledge of safety measures and skilled personnel to use them (Gupta,
Moravcik and Lau, 1994). Tracers have been used often, but they are generally expensive,
relatively unstable in the soil, undetectable over a wide range of conditions and have the
potential to create pollution problems with respect to the water table. Nevertheless using
dyes, Flury, Fluhler, Jury and Leuenberger (1994) showed that preferential flow is the rule
rather than the exception in well structured soils. Peters et al. (1995) confirm that slopes
having shallow soils induce interflow to occur at the soil and bedrock interface with some
water moving as preferential flow feeding the groundwater body.
* * *
In Chapter 2 different subsurface processes which can occur on hillslopes have been
emphasised, together with factors which control them. The hillslopes discussed are typified
as having shallow soils underlain either by semi-permeable layers or semi-permeable
bedrock. These conditions are conducive to the formation of subsurface flows in response
to perched water table development. Various measurement procedures used in the literature
to determine these processes and their interaction with one another, are highlighted. These
include the interception of flow and the use of hydrological tracers. Chapter 3 continues
with a discussion on models in general and procedures used in the selection of an
appropriate model. Literature on modelling infiltration and redistribution is presented and
then three models which simulate some of the processes outlined in Chapter 2, are reviewed.
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3. REVIEW OF HILLSLOPE MODELS
Before modelling hillslope hydrological processes, detailed experiments need to be carried
out to determine which processes occur and what their relationship is with each other. Soil
physical and hydraulic characteristics also need to be determined, from which important
parameters can be determined using the Brooks and Corey (1964) or van Genuchten (1980)
functions of unsaturated flows. With these prerequisites in place the modelling of a hillslope
hydrological system can take place.
A general objective of hydrological research and modelling is to give decision makers
scientific information about the particular hydrological system, so that objective and
informed decisions can be made. This allows the transfer of knowledge from a measured
area, to an area where hydrological decisions and information are needed. Mathematical
expressions of observations and predictions of the time variant interactions of various
hydrological processes can be determined, for use in the planning design and management
of hydrological related structures (Fleming, 1975; Schulze, 1987). In other words, models
enable scientists to learn about hydrological processes and state them mathematically.
3.1 The Need for Modelling
Models allow for "what if questions to be posed and different scenarios to be simulated.
Before the advent of computers and computer simulated models, these "what i f questions
could have been answered by physical experiments, which could require years to run to
completion (Smith, 1992). With the manifestation of computers and computing technology,
the trend in hydrological modelling, according to Maaren (1991), is towards physically
based models. These physically based models solve hydrological problems and consider
physical realities to evaluate certain catchment scenarios and land use changes (Hillel,
1977). Hutson (1984) has cautioned against the indiscriminate and blind use of simulation
models:" It must be remembered that simulation per se cannot solve a real problem. It can
only simulate a solution. Its results are predetermined by the input, although the full
consequences of this determinism are often unforseen for complex systems. A simulation
can indeed provide new perspectives on the problem, but its predictions are sometimes
doubtful, even when the model is hydrologically sound. When a model is not sound, i.e.
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when its premises or data are wrong, there is a great danger that it will gain a false aura of
respectability merely because it was processed on a computer, which still conveys a sense
of magic to many laymen. Simulation is not a panacea. It is not a substitute for
experimentation, but a possibly more rational basis for experimentation. Detailed, sound and
comprehensive experimentation is required as a basis for devising models and for supplying
the necessary parameters and for validating their results. Reciprocally, such results can help
economise experimentation by guiding it to where it is needed most." This argument gives
a sound basis upon which hydrological simulation models should be based and reinstates the
importance of field work and experimentation.
Many diiferent types of hydrological simulation models are available, each appropriate for
certain hydrological problems. Types of models are highlighted in Section 3.2 below.
3.2 Types of Models
A model is a quantitative mathematical expression of analysis, observation and prediction,
which contains physical laws and experimental observations all of which are combined to
produce outputs based on a set of known or boundary conditions. Hydrological models can
either be predictive, achieving a specific answer for a specific question, or investigative,
where a further understanding of the hydrological processes is attained (Grayson, Moore
and McMahon, 1992). Investigative models require more data, are sophisticated and
provide more insight into the specific processes than predictive models (Grayson et al.,
1992). These models can be classified as either theoretical or empirical models. A
theoretical model includes a set of general laws or theoretical principles and is physically
based if the physical laws are describable by mathematical physics. However, all existing
theoretical models simplify the physical system and often include empirical components and
are thus conceptual models. If the modelled results are free from random variation, the
model is deterministic. Other models include calibrated parameter models, where one or
more parameters can only be determined by fitting computed values to the observed values.
A measured parameter model has parameters that can be easily determined satisfactorily
from known catchment characteristics, either by measurement or by estimation, so that it
can be applied to totally ungauged catchments. Lumped models do not explicitly take into
account the spatial variability of inputs, outputs, or parameters. They are usually structured
21
to use average values of the catchment characteristics affecting runoff volume. Averaging
a certain parameter also implicitly averages the process being represented. Because of non-
linearity and threshold values, this can lead to significant error. Distributed models include
spatial variation in inputs, outputs, and parameters.
In this study, physically based investigative and predictive models are required. The purpose
for using an investigative model is to understand the basic hillslope subsurface processes and
their relationship with each other. An example of such a model is a simple hillslope water
budget (cf. Section 6.2), where subsurface processes and soil water fluxes are investigated.
With a knowledge of these processes, their interactions can be established. Once an accurate
hillslope water budget has been achieved, predictive models (cf. Section 3.5) can be used
to simulate these subsurface processes under different scenarios.
In order to simulate subsurface processes, the hydrological problem needs to be defined,
followed by the use of the simplest model with appropriate complexity and adequate
accuracy. Section 3.3 below, reviews the question of model selection.
3.3 Model Selection
A model that is appropriate to simulate the problem needs to be sought, rather than adapting
the hydrological processes to the model. Physically based, continuous soil moisture
accounting models are the most accurate models currently available with the SHE (Systeme
Hydrolique International) catchment model being the most comprehensive model of this
type. The SHE model (Bathurst, 1986) links surface runoff and subsurface processes and
is a very good model at the catchment scale. Nevertheless, at a smaller scale, such as the
hillslope scale, it is not satisfactory, as more detail is needed. Such detailed models include
the physically based models such as SWIM (Soil Water Infiltration Model), (Ross, 1990)
and LEACHM (Soil water Leaching and Chemistry Model), (Hutson and Wagenet, 1992)
which are detailed in soil moisture budgeting. However, these models do not consider
interflow nor perched water table movement down hillslopes. Therefore a specific model
is required which considers the processes that occur at Weatherly.
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Three models are described in Section 3.5 The sections that follow summarise some
infiltration and redistribution models, which use Darcy and Richards (1931) type equations.
This is followed by the review of three hillslope models that were recognized as appropriate
models that can be used at the hillslope scale. Each of these models has merits for the
simulation of hydro logical processes at Weatherly but for reasons given , one appropriate
hillslope model is selected. The models are the ACRUI TOP'ACRU (Schulze, 1995; Howe,
1997) modelling system, HILL5D (Hebbert and Smith, 1996) and HILLFLOW-3D
(Bronstert, 1995).
3.4 Approaches to Modelling Infiltration and Redistribution
The modelling of infiltration and redistribution can be carried out using simple or complex
models. Complex models for this purpose require numerical solutions to solve Richards
equation. Many equations and models have been developed for estimating infiltration rates.
These models are outlined and special attention is paid to the Green and Ampt (1911)
infiltration model, because this relatively simple model has parameters which are easily
determined and the approach is widely used in many simulation models.
3.4.1 Infiltration
The prediction of infiltration is a key step in modelling runoff, soil water recharge and
redistribution within the soil profile (Buitendag, 1990). Therefore, a need for accurate and
easily applicable models is necessary. Most methods use simplified concepts that predict the
infiltration rate or cumulative infiltration volume assuming that surface ponding begins when
the rainfall intensity exceeds the infiltration rate at the soil surface (Rawls, Ahuja,
Brakensiek and Shirmohammadi, 1992). These methods require highly site specific data
that are difficult to obtain.
Complex models do exist. For example, Mein and Larson (1973; cited by Aron, 1992) used
a procedure that combined the Green and Ampt (1911) and Richards (1931) equations
where conductivity and retention characteristics of the soils are required. Using physically
based models that solve the Richards (1931) equation, boundary conditions and detailed
data input are needed. The Richards (1931) equation is very difficult to solve, requiring
much computing power and time (Rawls et al., 1992).
The Horton (1933) equation, as used by Aron (1992), is a simpler method of calculating
infiltration. In this equation the infiltration rate depends inter alia on the cumulative
antecedent infiltration. Other simple models include rainfall excess models where all losses
such as infiltration, depression storage and interception are lumped, or alternatively
empirical and approximate models which consider the soil as a semi-infinite medium with
a wetting front moving downwards in response to gravity. Examples of these simple,
empirical and approximate models can be found in Rawls et al. (1992). For the sake of
brevity the Green and Ampt (1911) model will be described, as it is a commonly used
method in the hillslope models reviewed in this chapter.
The Green and Ampt model (1911) is an approximate model that uses Darcy's law, and was
originally developed for ponded infiltration into a homogeneous soil with a uniform initial
water content (Rawls et al., 1992). The model considers infiltration to be represented by
a vertical piston flow. This assumes that the entire pore space between the soil surface and
a well-defined wetting front takes part in the flow process where old water is replaced by
new water (Germann, 1990). The model assumes that:
a, the water difrusivity, water content, K and matric potential head in the wetted
region all remain constant and
b, the matric potential head at the wetting front is constant (Jury, Gardner and
Gardner, 1991).
Figure 7 shows how the Green and Ampt (1911) model is conceptualized in the soil profile.
The soil surface is ponded with a head of water (Ho), below which extends a saturated zone
(Lf) interfaced with an unsaturated zone having an initial water content (6j). Omitting the
head of water at the soil surface and assuming that the soil is single layered, having an
infiltration rate equal to the rate at which infiltrated water enters the soil or the infiltration
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Representation of the Green and Ampt (1911) model,
after Rawls et al. (1992).
However, homogeneous single layered soils are rarely found. Most soils are composed of
three soil layers, a situation which does not satisfy the conditions and assumptions of
Equation 1. Buitendag (1990) outlines the development from a one layered Green and
Ampt (1911) model to that for a three layered soil.
The parameters that need to be specified in the Green and Ampt (1911) model are K and
Sf, which is calculated as a function of the K and WRC of the soil as well as, (j> and 0; all
of which can be measured or estimated. The wetting front suction parameter can be
estimated from Brooks and Corey (1964) parameters as
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f 1+3A 2
where A, = Brooks and Corey (1964) pore size distribution index
\ = Brooks and Corey (1964) bubbling matric pressure head
(m).
The Brooks and Corey (1964) parameters can be determined by fitting functions to actual
WRC measured data (cf. Section 5.2.2).
3.4.2 Redistribution
Soil water redistribution models vary in complexity from simple water budgeting models to
more complex ones, solvable by either analytical or numerical methods. Water budgeting
models calculate a water budget within the soil profile, keeping a record of the inputs and
outputs to the system. Complex models concentrate on the soil water dynamics in the
unsaturated zone. The soil water dynamics are considered in terms of the flux density
distributions, changing water contents and matric potentials.
Modelling soil water movement in the unsaturated zone involves the computation of
complex equations, which cannot usually be solved by analytical methods (Reece, 1986).
Numerical methods are thus sought and can be of two types. These methods are finite
difference and finite element solutions, each to be used depending on the problem to be
solved. Finite element methods are superior to finite difference methods, as complex
boundary conditions can be more easily defined and the non-linearity of the soil water
characteristic is recognised (Binley and Bevan, 1992). To use these methods, a grid is
placed over the area of consideration. These grid sizes can vary from a coarse grid size,
which is spatially inaccurate, to a fine grid which enables the simulation of localised
hydrological processes, but requires much computer time due to the number of
computations to be performed. These methods solve for the dependant variable at each grid
node. The governing Richards (1931) equation, is approximated by a set of algebraic
equations which are solved usually by iteration.
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These methods are used to solve the Richards (1931) equation. This equation is widely
used in solving unsaturated flow problems and is derived from Darcy's law and the
continuity equation. Darcy's law refers to flow through saturated soils, where the flow is
proportional directly to head loss and inversely to the length of the flow path, with a
proportionality constant called the hydraulic conductivity. For steady state flow the equation
can be written as follows, where this applies to a homogeneous and isotropic soil in which
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soil water pressure head (m)
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The water conservation equation relates water fluxes, storage changes and sources and
sinks of water. When combined with Equations 3 and 4, the Richards equation can be
written to predict water content in a soil during transient flow as follows:
, t ) _ 3 e 6h(6,z)
d ddt z z
(5)
where t = time (h), and
K(0, z) and h(6, z) allow for variation of K(0) and h(0) with depth z.
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Many hillslope models use Equation 5 to model redistribution. Each model is usually
modified to include source or sink terms that relate to the type of catchment in terms of
seepage areas and possible lateral flows outside the set boundary conditions.
Section 3.5 below reviews actual hillslope models and the methods by which the various
subsurface processes are modelled.
3.5 Hillslope Models
Hillslope models can be 1-dimensional, simulating soil water movement vertically through
the profile, 2-dimensional, where the horizontal component is considered and 3-dimensional,
which are usually grid-based, simulating flows vertically, laterally and horizontally. Each
of the models varies in complexity and input requirements. Hillslope models can be further
subdivided into event based or continuous models. An event based model represents a single
runoff event occurring over a time period, ranging from several hours to several days. The
initial conditions in the catchment for each event must be assumed, or determined, and used
as input information. The accuracy of the model output will depend on the reliability of
these initial conditions. Continuous models operate over an extended time period,
determining flow rates and conditions during both runoff periods and periods of no surface
runoff. Thus the model keeps a continuous account of the hillslope soil moisture status and
allows for the determination of initial conditions needed for different runoff events.
However, the effect of the selection of those initial conditions decreases rapidly as the
simulation advances.
3.5.1 ACRU and TOFACRU
The ACRU agrohydrological modelling system is a physical conceptual, multipurpose,
multilevel and multilayer model which uses a daily time step with daily rainfall input and
combines the various water budgeting and runoff producing components of the hydro logical
cycle (Schulze, Angus, Lynch, and Smithers, 1995). ACRU uses a daily multilayer water
budgeting approach where the soil profile is partitioned into two layers, each with a set of
predetermined soil characteristics pertaining to the drained upper limit (DUL), permanent
wilting point (PWP) and (J). Each layer acts as a reservoir, which responds once the DUL
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is reached, with water draining to the next layer. Any water exiting the subsoil contributes
to the groundwater recharge. This water budget technique is adequate only for daily studies
and does not account for processes shorter than one day, as they do not consider the
transitory phenomena occurring in most heterogeneous soil profiles. Infiltration is calculated
using equations developed by Buitendag (1990). Soil water flux equations based on
Darcy's law, have been extended to represent flow in unsaturated porous media. ACRU
does not account for macropore flow nor for lateral flow.
Because of the aforementioned shortcomings of a daily model, TOP^Ci?[/(Howe, 1997)
is currently under construction. Although it is a stand-alone model, it is embedded within
ACRU using all the ACRU inputs, but using different intra-day equations, simulating
subsurface processes such as interflow and macropore flow. TOPACRU is a quasi 3-
dimensional grid based model which requires a Digital Elevation Model (DEM) and can
model the spatial variation in runoff generation, especially in seepage areas. TOP'ACRU
operates on an hourly time step and in distributed mode during a rainfall event, but in
lumped mode during "no-rainfall" time intervals, as indicated in Figure 8.
Two mechanisms operate during a rainfall event to control the infiltration and runoff rates.
The first comprises a Green and Ampt (1911) wetting front in the soil and the second a
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Figure 8. Schematic flow diagram of the TO?ACRU module (after Howe,
1997).
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macropore flow routine where water rapidly bypasses the soil matrix to the F-horizon,
which in TOPACRU is the deepest soil horizon, usually saprolite, from where interflow is
generated. The infiltration depth of the Green and Ampt (1911) wetting front can be
determined for any time step.
Concurrently, interflow is determined via lateral fluxes from the F-horizon. During non
rainfall periods, the distributed wetting fronts are lumped to give average moisture contents
for each horizon. Using these water contents, hydraulic gradients are calculated and water
is redistributed either upwards or downwards using Darcy's law. The F-horizon is the layer
directly above the impermeable layer or bedrock and it is here that infiltrated water and
interflow accumulates with the subsequent development of a water table. The volume of
soil water in the F-horizon and the matric potential at the interface of the B-and F- horizons
is determined by assuming an equilibrium steady state pressure distribution in the F-horizon.
When this water ponds, interflow and percolation emanate due to saturated pressure flow.
TOP/4CRUrequires gridded point elevations derived from a DEM as an input, which at the
catchment scale is acceptable, but at the hillslope scale is impractical. DEMs have a coarse
grid size compared with a hillslope 200 m long for example. DEMs can be created for this
hillslope scale which means that the hillslope needs to be surveyed at a very small scale
which is time consuming. During the writing of this document TOPACRU was still
undergoing calibration. Therefore, TOPACRU was not used in this research to simulate
subsurface processes. The next model reviewed is the HILLFLOW-3D (Bronstert, 1995)
hillslope modelling system.
3.5.2 HILLFLOW 3-D Model
FHLLFLOW-3D is a physical conceptual model which simulates the water dynamics in three
dimensions at the micro catchment scale. It uses a variable time step, enabling subsurface
simulations during storm events with small time steps, to simulations over a few days with
longer time steps. These time steps are controlled by the rainfall intensity. HILLFLOW-3D
simulates the relevant hydrological processes such as interception, ET, infiltration, water
dynamics within the soil matrix, surface runoff, non-Darcian subsurface storm flow,
exfiltration (or return flow) and channel discharge. These subsurface processes are coupled
in HILLFLOW-3D. This model cannot be used successfully in every situation. Urban
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hydrological effects are not accounted for, pure groundwater flow is not well represented
and the required CPU time is too large for catchments having a high resolution in space and
time. Figure 9 gives a schematic representation of the structure of HILLFL0W-3D, listing
the processes considered.
HILLFL0W-3D conceptualizes the decrease of K with depth and the accumulation of
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Figure 9. Model structure of HILLFL0W-3D (after Bronstert, 1995).
Apart from the soil matrix, the soil may contain a macropore network which is considered
to exist only close to the soil surface, as shown in Figure 10. The surface layer is defined
as the interflow layer having the parameters of depth (HJ and effective macroporosity
Ô mak)> which are defined as the portion of soil which has hydraulically active macropores,
which are parallel to the soil surface. The macropores are considered to be equally
distributed over the interflow depth and influence the total infiltration capacity of the soil
and interflow, which flows parallel to the surface within the interflow layer. The soil matrix
extends from the soil surface down to the lower boundary of the modelled soil, thus
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Figure 10. Conceptualization of macro-porosity in HILLFLOW-
3D (after Bronstert, 1995).
The infiltration component within the interflow layer includes the calculation of infiltration
rates for both the macropores and the soil matrix and is partitioned into the actual rate into
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Figure 11. Representation of the HILLFLOW-3D infiltration component (after
Bronstert, 1995).
The total infiltration is thus the sum of Imicact, and Imacact. Under the correct conditions (cf.
Section 2.1.4) water can move out of the macropores into the surrounding soil matrix,
which is controlled by the matrix moisture content.
The potential infiltration rate into the micropores , I mic ^ , is calculated as follows,
according to Feddes, Kowalik and Zaradny (1978; cited by Bronstert, 1995):
(6)
where K = hydraulic conductivity of the 1st layer (mm.h'')
5ijj / 5z = hydraulic gradient in the 1st layer.
To obtain the actual infiltration rate into the micropore system, the available water and the
net rainfall intensity at the surface needs to be calculated with respect to the water content
of the soil. When the net precipitation exceeds the matrix infiltration rate, macropore




where Vmacempty = free space of macropores (m
2)
H z = depth of macropore layer (m)
At = duration of time step (h).
The flow processes within the macropore system respond mainly due to gravity and are
modelled separately from the soil matrix. Owing to the complexity of the Richards (1931)
equation, HILLFL0W-3D uses fuzzy, rule-based modelling to simulate unsaturated flow
(Bronstert, 1995).
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For both surface runoff and subsurface flow computations, gravity, friction and pressure
forces are considered in a simplified form of the St. Venant equation, which consists of the
continuity and the momentum equations. The equation of continuity is as follows:
!•!-<„,=o
where: q = specific runoff = runoff per unit width (rnm-h"1) ( on the
surface or within the interflow layer)
x = co-ordinates of the flow direction
h = corresponding flow depth (mm)
t = time (h)
i = effective lateral inflow (mm.h'') (Infiltration or matrix
excess).
and the momentum equation:
(9)
where So = surface slope
Sp = friction slope.
The expression "kinematic cascade" is used to characterize flow between grids of different
elevations. Subsurface flow occurs within the interflow layer parallel to the soil surface.
Since this cascade is the same as the surface cascade, the hydraulic computation of runoff
and subsurface flow is analogous. The lateral inflow to the surface cascade is produced if
the net rainfall intensity is greater than the infiltration rate, and to the subsurface cascade
if the infiltration rate into the macropores less the flux from the macropore system to the
micropore system.
HILLFLOW-3D documentation shows the model to simulate the most important subsurface
processes. It may be a sound model to use on the Weatherly catchment. However, the code
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was unobtainable and for this reason this model was not used. The third model reviewed,
HILL5D, is outlined below in Section 3.5.3.
3.5.3 The HILL5D Model
HILL5D is a multi component, numerical simulation model which links surface, unsaturated
and saturated subsurface flow in a two-layer, two-dimensional hillslope. Some three-
dimensionality has been introduced by allowing for a small amount of convergence and
divergence of the hillslope section (Hebbert and Smith, 1996). The model can be applied
on hillslopes where a relatively shallow soil is underlain by a subsoil of lower permeability.
It is in these areas that saturated zones form, with the subsequent development of perched
water tables. The major objective of the model is the tracking of the soil water in this
saturated zone. HILL5D can also simulate the response to recharge through the soil mantle,
or conversely simulate the lateral water movement through the surface soil (Hebbert and
Smith, 1996).
The most general use of the model, however, is in simulating the conditions in which these
mechanisms are active and interact with each other, as in the formation of seepage areas.
HILL5D considers the soil profile to be made up of an upper layer, i.e. the topsoil and a
lower layer, i.e. the subsoil.
The topsoil is considered to be shallow and permeable with water movement taking place
either as saturated or unsaturated flow. Unsaturated flow is in the vertical direction and is
calculated using the Richards (1931) equation, plus a combination of the mass conservation
and vertical Darcian velocity, as follows:
dt dz dz
where 0 = is the volumetric soil moisture content (m.m~3)
t = the time (h)
z = the distance below the soil surface (mm)
K(0) = the unsaturated vertical hydraulic conductivity (mm.h'')
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D(6) = the soil water diffusivity (ram.h1), and
is a source or sink term (m3.m'3).
The hydraulic characteristics of the soil, K(6) and D(0), depend on the WRC calculated
using the Brooks and Corey (1964) equation. The sequencing in the model operation is















f(t) Overland flow = i-fj[t)
LEGEND













Figure 12. Flow diagram of HILL5D program logic (after Hebbert and Smith,
1996).
The soil water flux may be different according to different rainfall intensities (i). If i >Kg,
then difiusive properties dominate. In this instance analytical infiltration approximations are
used to describe the division between surface flow and infiltration. Conversely, if i <K, most
of the water will infiltrate the soil and the unsaturated water movement calculated
accordingly.
Saturated flow occurs when the vertical unsaturated flux arrives at the interface between the
surface and subsurface soil layers at a flux greater than conductivity out of that layer,
resulting in the development of a perched water table.
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Lateral flow is assumed to be parallel to the interface and the soil surface and the Dupuit
approximation of Darcy's law is applied to calculate the saturated flow within the soil,
solvable by finite difference methods as follows:
Q(x,t)=K,[(H(x, t ) + C / ) [ s i n Y - c o s Y . ^ | ^ ] ] (11)
where : Q(x,t) = is the horizontal flux per unit width (mm.h1)
Kh = is the horizontal hydraulic conductivity (mm.h'')
Y = is the local soil interface slope (%)
H(x,t) = is the depth of the saturated flow normal to the
interface (mm), and
C| = is the capillary fringe height (mm).
The term in the inner square brackets is the net slope of the phreatic surface, where sinY is
the slope of the subsoil interface and dWdx is the slope of the phreatic surface relative to
the interface. The subsoil is assumed to be relatively impermeable where the vertical flux
does not change compared with the dynamic behaviour of the perched water table above it.
A continuous water budget is kept, calculating the amount of water in the unsaturated
portion of the profile above the perched water table and the amount of water in the perched
aquifer. These amounts are added to the accumulated, return, lateral and overland flow
routines.
According to Hebbert and Smith (1996) the model weaknesses are that the soil variables
such as (|> and K are site specific and not applicable to the catchment as a whole and in
complex situations the problem with any model is how to transfer parameters between
storms.
The HILL5D model considers most of the subsurface processes which occur in Weatherly
and consequently HILL5D has been selected to simulate these processes.
* * *
In Chapter 3 the need for hydrological simulation models has been addressed. Differences
between theoretical and empirical models are outlined, including factors that need to be
taken into account before a model can be selected. Infiltration and redistribution models are
reviewed with techniques used to model subsurface processes, such as interflow and
macropore flow. Three hillslope models are reviewed and from those one model is selected.
This model, HILL5D will be used as both an investigative and predictive model to simulate
the subsurface processes that occur at Weatherly. On a hillslope transect at Weatherly a
comprehensive hillslope experiment has been established. The methodology of this
experiment is discussed next, in Chapter 4.
4. METHODOLOGY
4.1 Objectives
Field work forms an integral part of the development of modelling systems since it enables:
a. the development of information and understanding of complex natural processes, so
that researchers may develop general trends based on these processes,
b, predict future events with the highest possible degree of certainty and
e. provide a data set, with which modelled results can be compared, to calibrate and
validate the model.
The objectives of the fieldwork component of this research are threefold:
a. first, to carry out initial fieldwork to determine the physical and hydraulic
characteristics of the soils, to provide bedrock descriptions and to conduct a
geological survey;
b. secondly, to set up a well-instrumented hillslope transect and thirdly,
e> to monitor the main subsurface processes that occur at this hillslope scale.
Owing to the detailed scale of this study and since subsurface processes, especially the
redistribution of water, continue even after the rainfall event has subsided, instrument
automation was necessary. This implied that data should be recorded on an event by event
basis and continue between the events.
This initial fieldwork component was followed by the establishment of instrumentation at
one experimental site, Weatherly, owned by Mondi Forests (North East Cape Forests) in the
NEC. A locational map is given in Figure 13, which shows the location of the Weatherly










Figure 13. Location of the Weatherly catchment in the Eastern Cape.
4.2 Catchment Description
The Weatherly catchment is located approximately 5 km south of Maclear at a latitude of
31 ° 06' South and longitude 28 ° 20' East. The catchment covers an area of 1.5 km2 and is
at an average altitude of 1300 m above mean sea level. The vegetation, described as
Highland Sourveld (Acocks, 1975), is dominated by grassland in moderate hydrological
condition i.e. with a basal cover of 50-75% on the hillslopes. The soils show a large spatial
distribution ranging from Avalons, Kroonstad and Pinedene soil forms on the crests to
Oakleafs, Tukulus and Vilafontes in the valley (cf. Section 4.3.1.1). These soils display
varying degrees of wetness and include red and yellow apedal mesotrophic soils plus
neocutanic and hydromorphic soils. These soils are permeable, ranging in depth from a few
millimetres to 3.5 m, and are underlain by semi-impermeable sandstones of the Molteno
Formation (cf. Section 4.3.1.2). The bedrock within Weatherly is highly undulating, this
having been determined by Ground Penetrating Radar (GPR), which has also been used to
identify depth to bedrock and phreatic surfaces (cf. Section 4.3.1.3).
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The NEC is considered a marginal rainfall region for the support of silviculture and
Weatherly has a mean annual precipitation (MAP) of 750 mm. A summary of available
climate data for Maclear is shown in Table 1. These data were obtained from the climate
station, AM # 0151/604, situated at latitude 31° 04 'S and longitude 28° 21'E, some 5 km
from Weatherly. The evaporation and temperature statistics have been calculated for 10
years from 1988, with the rainfall having a longer record, beginning in 1891. The
comparison between rainfall and pan evaporation in Table 1 shows the potential evaporation
exceeding the rainfall for every month of the year. This fact needs to be considered
especially since the NEC region is undergoing afforestation, leading to a possible increase
in potential ET.
Table 1. Monthly climatic information for Maclear (after Roberts, Hensley, Smith-



























































































The Weatherly catchment, showing four hillslope transects, with a more detailed map of
Transect 1, is presented in Figure 14. At the catchment scale, 28 soil pits have been
established along these transects, each with a neutron probe access tube. This study focuses
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Figure 14. Weatherly catchment showing ahillslope section (Transect 1), where measurements and experimentation are
currently taking place.
Shown also in Figure 14 are the locations of a standard rainguage, installed in October 1995
by the Department of Agricultural Engineering (DAE), the two AWSs and the two web-
sites. Figure 15 gives a view of the Weatherly catchment taken from Pit 2 looking east down
Transect 1.
Figure 15. Weatherly catchment, showing a view down Transect 1.
Shown in the foreground is Pit 3.
This chapter is divided into an initial fieldwork component in which various surveys have
been performed, along with specific tests to determine the hydraulic characteristics of the
soils, followed by the actual experimental layout of various instrumentation. The initial
fieldwork component is discussed in Section 4.3 below.
4.3 Field and Laboratory Measurements
Conducting fieldwork and ground truthing with great care and accuracy is imperative before
the establishment of field instrumentation. This initial fieldwork component provided
invaluable data and information pertaining to the soils and their physical properties, as well
as the geology and topography along Transect 1. Information acquired and data collected
serve as building blocks upon which hillslope models are based and built. Furthermore,
knowledge of the physical properties of the soils allows the calculation of model input and
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Brooks and Corey (1964) type parameters (cf. Section 5.2.2). Detailed soil, geological,
bedrock and topographic surveys were completed during this study and are discussed in
Section 4.3.1 below.
4.3.1 Descriptions of Soils, Geology, Topography and Bedrock
A detailed soil survey (cf. Section 4.3.1.1) was completed by Roberts et al. (1996)ofthe
Institute for Soil, Climate and Water (ISCW). This survey was carried out on a 90 m x 90
m grid over the entire catchment and a more detailed 30 m x 30 m grid along Transect 1.
Using a 2 m contour interval map supplied by Mondi Forests and a 1:50 000 topographic
map, a comprehensive geological survey (cf. Section 4.3.1.2) was conducted on the eastern
slope of the catchment by Hughes (1997). The survey helped isolate the geological
sequencing of the various lithologies found in Weatherly, and insight into the various
subsurface processes. Two topographical surveys were carried out in Weatherly: the first
by Mondi Forests where a 2 m contour interval map was produced, and the second by the
DAE, where Transect 1 was surveyed in more detail to identify source / seep regions and
rock outcrops. A second objective of the latter survey was to geographically 'fix' the
locations of neutron probe access tubes, tensiometers and piezometer tubes. The bedrock
topography was determined using a GPR carried out by the ISCW (Paterson, 1996) to
determine the depth to bedrock and depth and lateral extent of the water table. Both the
topographical and GPR surveys are outlined in Section 4.3.1.3 below. Each survey
discussion is limited to the hillslope Transect 1, with the remainder of the catchment
descriptions outlined in the relevant references given.
4.3.1.1. Soil Survey
Soil profile descriptions were completed at each auger point, on the 30 m x 30 m grid. A
large spatial distribution in soil forms was found and a further feature of the soils is the
varying degree of hydromorphology present as expressed in the soil colour (Roberts et al,
1996). This ranges from mottling, thin horizons with bleached sand grains to well
developed E-and-G-horizons. The pit profiles on Transect 1 are given in Figure 16,
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Figure 16. Soil pit profiles for pits 1-4 showing horizonation, derived from soil
survey.
Soils along Transect 1 are dominated by Avalon, Pinedene, Tukulu and Kroonstad soil
forms, each having medium to fine sandy loam topsoils and sandy clay loam subsoils. Soils
with unconsolidated material show signs of wetness due to the accumulation of water on the
bedrock forming Pinedene and Avalon soil forms.
4.3.1.2 Geological Survey
The portion of the catchment mapped comprises rocks of the Elliot and Molteno Formations
of the Karoo Supergroup. The geology found along Transect 1 is depicted in Figure 17
where the stratigraphic column of the units mapped is provided. Owing to the lack of
outcrop, detail with respect to the thicknesses of the units may be inaccurate, compounded
by the fact that the 2 m contour map was found to be incorrect in parts (Hughes, 1997).
Three rock types predominate, namely, sandstone, mudstone and conglomerate. The
sandstones are coarse grained lenticular units which exhibit cross troughed bedding. These
































Figure 17. Geological profile along Transect 1, showing relative positions of
soil pits. The sandstone profiles were established by ground
penetrating radar.
The conglomerates typically occur above the mudstone units. These layers of mudstone
within the sandstone are likely to act as semi-impermeable layers, having a lower K than the
sandstones. The deeper soil profiles appear to be developed in the region of the shales and
softer sandstones. The undulating nature of the bedrock is likely to be a result of weathering
along joints and fractures combined with the lenticular nature of the sandstone, where lenses
of different hardness weather differently.
4.3.1.3. Hillslope and Bedrock Topography
A common view among many hydrologists is that downslope water movement can be
described accurately using the surface topography of a catchment, because the gravitational
potential dominates the hydraulic gradients. Many researchers use Digital Terrain Models
(DTM) for this very purpose, especially in 3-D grid based models. McDonnell, Freer,
Hooper, Kendall, Burns, Bevan and Peters (1996) believe that this may be true at the
catchment scale, but at smaller scales such as hillslopes with shallow soils underlain by
impermeable bedrock subsurface, flow is affected by the actual bedrock surface. Using a
detailed hillslope experiment McDonnell et al (1996) have shown this hypothesis to be true
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at the Panola Catchment, New Zealand. Thus the need to map the bedrock surface is vitally
important in calculating groundwater fluxes, perched water table movement and interflow.
Similarly a DTM is important in determining potential seepage and exfiltration areas. GPRs
are therefore commonly used in determining the bedrock topography of hillslopes.
A GPR is a radar system consisting of transmitting and receiving antennae linked by cable,
where the transmitter radiates a short pulse of electromagnetic energy into the ground,
which changes in response to the soil's electrical properties. This usually occurs at the
interface of different horizons, due to contrasting conductivities which cause part of the
transmitted signal to be reflected and detected by the receiver. A few factors may cause the
radar to perform less well. These include high conductivity values caused by either a high
clay content, salt content or water content of the soil, especially during the rainfall season.
A compromise needs to be made between the range and resolution of the GPR. The lower
the frequency of the transmitted signal the deeper the penetration into the soil, but then the
resolution is less and vice versa. The radar is site specific due to the variability of soils from
one place to the next, which does not allow for the extrapolation of results.
This relatively new concept has many widespread applications such as evaluating soil
properties and estimating the variability and composition of soils (Birkhead, Heritage, White
and von Niekerk.,1996). Collins, Doolittle and Rourke (1989) have used GPR studies
successfully to determine the depth to the phreatic surface and bedrock and have shown
there to be a high correlation between GPR data and augured depths at a granite site, with
an error of approximately 7.9% when compared with piezometer tube data.
A GPR investigation was conducted along Transect 1, with depths to both the bedrock and
water table being recorded every 2 m, thus giving a detailed and comprehensive data set, but
not without error. The 1995/96 rainfall season was an exceptionally wet one and in the
lower regions of the hillslope, water tables levels were very high. These high water tables
restricted the overall depth of radar penetration due to the increased attenuation of the
signal. In spite of this, both water table and bedrock depths were determined in Transect 1
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Figure 18. Ground penetrating radar results for Transect 1 together with soil
pits, showing the delineation of the bedrock and phreatic surfaces.
Dotted lines indicating deeper bedrock, represent cases where water in the soil obscured
data and the depth to bedrock was inferred using pit and piezometer depths. Furthermore,
only the depth to phreatic surface was observed as its presence had a shadowing effect,
blocking the underlying rock. Figure 18 shows how undulating the bedrock topography
is. This has important implications in the modelling of subsurface processes on this hillslope.
This, together with fracturing determined in the geological survey, is conducive to the
formation of localised water bodies and deep percolation through the rock into the layers
below. Results of the GPR investigation can be regarded as satisfactory, but a drier season
would have yielded clearer results (Paterson, 1996).
Actual soil depths were determined from the soil pits, piezometer tubes which were installed
to the bedrock and from random measurements of depth to bedrock made in a more recent
study. Using these soil depths, data collected from the GPR and the topographical survey,
allowed the calculation of relative bedrock elevations. These bedrock elevations are useful,
especially when used with groundwater data, since hydraulic gradients and soil water fluxes
which are important in the water budget studies discussed in Chapter 6 can be calculated.
The relative bedrock and soil surface elevations are given in Appendix A for each location
where data are available.
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Knowledge of the soil physical and hydraulic properties are also essential in determining
soil water fluxes. These fluxes are a function of the soil water tension and K. The
determination of the soils' physical and hydraulic characteristics are discussed below in
Sections 4.3.2 and 4.3.3 respectively.
4.3.2 Measurement of Soil Physical Properties
Many methods are available to measure soil physical properties. Commonly used methods
are shown in Table 2 and methods shown in bold have been used in this study.
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Undisturbed soil samples were collected from Transect 1 next to each of the four soil pits
{cf. Figure 14). These samples were taken from each soil profile (Pits 1 to 4) at increments
of approximately 0.2 m, starting at the soil surface and concluding at the bedrock or
saprolite layers. Methodologies used in the measurement of the physical properties follow.
These are outlined in Klute (1986). In general, deviations from the standard procedures are
discussed in detail.
4.3.2.1 Particle Size Distribution
The PSD of a soil refers to the size distribution of the individual soil particles. The PSD
influences the soil's unsaturated (K(0)) and saturated conductivity (KJ, water holding
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capacity, ability to aggregate and the propensity for crusting after successive periods of
wetting and drying.
For each of the 30 samples collected, a hydrometer test was performed (for a period of 36
hours) using approximately 0.1kg of subsample. Following the hydrometer test, the soil
subsample was mixed with water and poured through a series of seven sieves, with opening
sizes ranging from 0.053 to 2 mm. Finally the subsample was dried. These data were entered
into a spreadsheet to calculate the PSD. Separate textural analyses were performed by the
ISCW, using soil samples taken from each of the four pits. These samples were analysed
using the pipette method. Results show small insignificant differences compared with the
hydrometer method. These results and differences are given in Section 5.1.1.
4.3.2.2. Bulk Density and Porosity
Bulk density, as defined by Rawls et al. (1992), is the ratio of the mass of dry solids to the
bulk volume of the soil, which includes the volume of the solids and the pore space. This
parameter can be used to calculate the soil's (J). and mass-based determinations to a volume
basis (Sheldrick and Wang 1993).
Three methods {cf Table 2) were used to determine the Pb of the soil at each of the four soil
pits. Each method gave different results. The extraction method was used. However,
according to Hensley (1996) this method can lead to inaccuracies since refilling the
excavation with calibrated sand can lead to inaccuracies. Subsequently, the core and
radiation methods {cf. Table 2) were used together, giving similar bulk densities. The <J) was
calculated using the fo and the particle density, ps (assuming a value of 2.65Mg.m"
3) as:
< M - - (12)
Results are presented in Section 5.1.2.
These lengthy methodologies used to determine the pb were necessary to calibrate the
neutron moisture meter (NMM). Using these results and soil samples extracted from the
field, a comprehensive calibration of the NMM was performed by the ISCW. These
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calibrations yielded equations which have been used to calculate the volumetric water
content expressed in per cent (0%) for different soils and soil horizons on Transect 1. The
sets of equations derived from each method are shown in Table 3, together with the
coefficients of determination (r2) which give an indication of the strength of the relationship
between the dependent and independent variables, or the relationship between the water
content and count ratio (CR). These r2 values show the radiation method to produce a more
accurate calibration equation.
Table 3. Calibration equations for neutron moisture meter No. 8550, where Q% is the































Also shown also in Table 3 are the criteria used to determine which calibration equation to
use for each of the horizons. These criteria imply that the equation given for each horizon
applies only if the CR is between the predetermined values for that particular horizon. In
other words, this criterion is in the form of CR ranges, where 1.45 is the lower limit and
1.95 the upper limit.
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4.3.3 Measurement of Hydraulic Characteristics
Again several methods are available to determine soil hydraulic characteristics. These are
outlined in Klute (1986). In general only deviations from the standard procedures are
discussed in detail. Some of these are shown in Table 4, with methods used in this study
shown in bold.
Table 4. Methods commonly used in the determination of soil hydraulic
characteristics.



























Rawls et al. (1992)
Topper al. (1993)
Lorentz (1993)
Of the many input parameters needed for physically based hillslope models, accurate
estimates of K and retention characteristics are necessary. Both are used in solving mass
balance equations in models. Methodologies for each parameter are outlined below in
Sections 4.3.3.1 and 4.3.3.2 respectively.
4.3.3.1 Measurement of Hydraulic Conductivity
The K of the soil is divided into the saturated (KJ and unsaturated (K(6)) conductivity. The
K is the soil's ability to transmit water, which depends on the soil's properties (Rawls et
al, 1992), texture and structure (Reynolds, 1993). K. is greater than K(6) as water moves
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through all the soil pores. Since K is a non-linear function of volumetric water content, it
decreases as the water content decreases.
The K, and the K (0) of the soil at four locations along Transect 1 were determined by in-
situ Double Ring (DR) and Tension Infiltrometer (TI) tests respectively. Figure 19 shows
a double ring and a tension infiltrometer in operation at Pit 2.
Figure 19. An example of two double rings (left) and a tension
infiltrometer (right) at Pit 2. These tests are being
performed at a depth of 0.20 m.
At each soil pit along Transect 1, beginning at the soil surface and down the profile at
increments of approximately 0.20 m, two replications of each test were completed. After the
completion of each test, a soil core was extracted so that the WRC could be determined (cf.
Section 4.3.3.2).
Where water table levels intersected the soil surface, these tests could not be carried out.
In such instances the auger hole method was used to determine the saturated conductivity.
According to Amoozegar and Warrick (1986) the auger hole method is widely used to
determine the conductivity below the water table. In order to calculate K , drawdown tests
were performed in which the depth to water table is recorded followed by the removal of
water out of a piezometer tube several times to clear any blocked pores. Following this
procedure water is removed to a predetermined level and the rate of change of water table
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height is recorded. The equation given by Atnoozegar and Warrick (1986) to determine K
is as follows;
4.63r2 Ay
-J-) Aty ( H e + 2 0 r ) ( 2
where K = hydraulic conductivity (mm.h"')
r = radius of the hole (mm)
He ~ depth ofgroundwater hole (mm)
y - the difference between the depth of the groundwater and the
depth of the hole (mm), and
Ay/At = the rate of change of y (mm-h1).
Results from the auger hole method are presented in Section 5.2.
4.3.3.2 Water Retention Characteristic
The WRC gives an indication of the soil's ability to store and release water. It is the
functional relationship between the soil water content and the soil matric potential of the
soil (Rawls et ah, 1992). The WRC is commonly used also to indicate the pore size
distribution of the soil, but is more often used in the prediction of the flow of water in the
soil (Topp, Galganov, Ball and Carter, 1993). Water contents can also be determined from
the matric potentials.
Using soil samples collected from each soil profile, a method developed at Colorado State
University (Lorentz, Durnford and Corey, 1991), was used to characterise the water
retention properties of the soil. This new method called the "controlled outflow" method
is used to determine each point on the retention curve by equilibration of the capillary
pressure at a fixed saturation. Detailed explanations can be found in Lorentz (1993). These
water retention data are presented together with the curve fitting procedure (cf. Section
5.2.2), where Brooks and Corey (1964) functions are fitted to actual data.
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With the initial fieldwork and laboratory measurements complete, instrumentation was
established on Transect 1. Descriptions of the experiment layout and monitoring approach
follow in Section 4.4 below.
4.4 Layout of the Experiment and Monitoring Approach
Upon completion of the initial fieldwork, a detailed hillslope experiment was established,
along Transect 1. At the catchment scale the instrumentation installed comprised of two
AWS, a standard rainguage, two fog interceptors and 28 neutron probe access tubes. Along
Transect 1 four neutron probe access tubes are present, with a further 11 piezometer tubes,
one runoff plot and six nests of automated tensiometers {cf Figure 14). All these
instruments were made up by the DAE. The sections which follow discuss the preparation
and installation of these instruments and the monitoring approach used.
4.4.1 Hydrometeorological Instrumentation
One standard tipping bucket rainguage and two fog interceptors (cf. Figure 14) were
installed by the DAE in October 1995 and November 1996 respectively. The rainguage
records the rainfall total for each minute, with the data being written to a memory module.
These data are downloaded monthly. The rainfall data comprise an excellent data set with
no missing data for the period July 1996 to May 1997. The two fog interceptors are located
next to the downstream weir and the rainguage on the hillslope crest. These data are not
recorded automatically, but weekly totals are taken.
Two AWSs were established at Weatherly by the ISCW in July 1997. Their locations are
adjacent to the location of the two weirs shown in Figure 14. These AWS's record
maximum and minimum dry bulb temperatures, solar radiation, wind speed and wind
direction and rainfall. Data from the weather stations are downloaded weekly by an
operations team based at Mondi, NEC.
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4.4.2 Runoff Plot
The NEC is characterised by high intensity storms that produce rapid responses and large
amounts of overland flow, especially when the AMC is high. In order to collect runoff data,
a 8 m x 22 m runoff plot was erected on the steepest section of Transect 1, between Pits 2
and 3 (Figure 20). The 8 m length was parallel to the slope.
Figure 20. Runoff plot on steepest section of Transect 1, with one
piezometer tube and tensiometer nest included.
Sheet steel was firmly embedded into the ground and at the outlet a gutter was inserted and
cemented flush with the soil surface, feeding into a collection container sunk below the soil
surface. To prevent direct precipitation falling into the gutter and collection container, a
wooden covering was placed over these openings. Included in the runoff plot is a
piezometer tube and a tensiometer nest (cf. Sections 4.4.4 and 4.4.5).
4.4.3 Neutron Probes
The determination of soil water content according to Topp (1993) is the most commonly
performed analysis and can be determined using either direct methods which are destructive,
or indirect methods. Indirect methods such as the NMM are accurate, but require an
instrument calibration so that volumetric water contents can be calculated from data
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collected in the field. The usefulness of the NMM data is important in calculating the
change in water volumes within different soil horizons and fluxes, both of which are very
important for water budget calculations.
The neutron probe access tubes were installed in the last quarter of 1995 on each of the four
transects. The locations of these neutron probe tubes were established in areas where
different soil types are found, based on the soils information collected by the ISCW. Along
Transect 1 there are four such probes, each extending to the bedrock. Using NMM No.
8550, readings were taken weekly during summer and twice a month during the dry season.
Using the calibration equations from Table 3 these data were converted to a corresponding
water content. These results are presented in Section 5.3.
4.4.4 Piezometer Tubes
On completion of the GPR investigation it was evident that the bedrock topography along
Transect 1, is complex, irregular and undulating and this is conducive to the development
of perched and discontinuous water tables. Following an on-site inspection, in conjunction
with the topographical survey and GPR data, eleven locations were thus chosen to install
piezometer tubes. These locations were chosen so that the direction and magnitude of
saturated subsurface fluxes down and transverse to the slope could be calculated. These data
could thus yield predictions of the movement of perched water tables and thus interflow.
Figure 21 shows the overall layout of the hillslope experiment along Transect 1. This layout
shows the positions of the piezometer tubes, neutron probe access tubes and tensiometer
nests (cf. Section 4.4.5).
Holes were augured to the bedrock using a 0.10 m diameter bucket auger. Each of these
depths was recorded, with its relative elevation calculated from the topographical survey.
Machine slotted, 0.05 m diameter, PVC pipes were manufactured. These had 1.5 m of
slotting from the base upwards and a total length of 3m. These slots allow the groundwater
to enter the piezometer tube from the surrounding soil. Each tube has a sealed base to
prevent soil and sediments moving into the tube. Upon installation, coarse Umgeni sand
was used to pack the area surrounding the tube and a clay plug was inserted at the surface












GW3B O G W 3 A O GW3/4



















* Neutron Probe Tube
EL Pit
H Runorr Plot
Figure 21. Experiment layout showing piezometers tubes, neutron probe tubes,
tensiometer nests and excavation pits.
Figure 22 shows a typical piezometer tube with a hand held beeper used to determine the
depth to the water table. The beeper consists of a battery, cable sensor and a sounding
device. In contact with water, the sensor closes a circuit and the beeper sounds. After the
installation of the piezometer tubes, depth to water table readings were taken manually.





















Figure 22. Piezometer tube with beeper to measure depth to groundwatcr (not
drawn to scale).
Using the knowledge of the soil depth at each of the piezometer locations and the depth to
the water table, actual water table heights were calculated. Results from these data are
shown in Section 5.3.
4.4.5 Tensiometer Nests
Using the N.MM to measure water contents alone is not adequate because the soil moisture
is not an independent variable, from a physical perspective. A knowledge of the water
content in the soil does not give a direct indication of soil water fluxes, which can be
calculated when the matric potential of the soil is known. Therefore, automated tensiometers
were installed to measure the matric potential of the soils at six locations along Transect 1.
A total of six tensiometer nests has been established along Transect 1, as shown in Figure
21. Each nest comprises four tensiometers, each installed at different depths. Pressure
transducers are connected to each tensiometer and to a four channel logger, which is
powered by a 6V battery. Each logger and battery is housed in tubing as shown in Figure
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23. The components of each tensiometer nest are discussed in detail in the following
subsections.
Figure 23. Logger housed in a sealed tube together with a six volt
battery.
4.4.5.1 Tensiometers
In total, 23 tensiometers were installed. These can be divided into four groups with respect
to their lengths, which range from 0.11 m to 1.20 m. Each tensiometer was modified so that
pressure transducers could be easily connected and maintenance could be carried out in
situ. Figure 24 shows an example of one such modified tensiometer.
Perspex squares were machined to the diameter of the connecting tube and glued to the top
of the tensiometers. Threads were turned into this perspex tube into which bolts were
screwed. On the side of the connecting tube a small hole was drilled and an U-shaped piece
of perspex tubing was glued in place with Tensol, a special glue. At the open end of the U-
shaped tubing, a pressure transducer's negative port was connected, with the positive port
open to the atmosphere. These pressure transducers and methods used in their calibration











Figure 24. Modified tensiometer, developed by the Department of Agricultural
Engineering.
4.4.5.2 Pressure Transducers
Connected to each tensiometer are Motorola MPX5100 piezoresistive pressure transducers.
These are state of the art transducers and can be described as a "one chip signalled
conditional temperature compensated monolithic silicon pressure sensor". This basically
means that no error arises due to changes in temperature during operation. These sensors
have a pressure range of 100 kPa and are powered by a voltage supply of 5.25 V. Each
transducer has a positive port open to the atmosphere and the negative port connected to
the tensiometer and hence the water. Between these ports, inside the transducer casing, is
a silicon diaphragm that vibrates in response to a change in pressure within the tensiometer.
Within pre-programmed time intervals, an electronic signal is sent to a monitoring device
and is recorded. These transducers have been calibrated so that this electronic signal
(voltage) can be converted to a corresponding potential, or suction head, of the soil.
To calibrate the pressure transducers a volt meter, a 5 Volt power source, a vacuum pump
and a mercury U-tube were used. Each of the 23 transducers was calibrated by connecting
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them to the voltage supply and vacuum pump (with a valve that allows the user to change
the negative pressure), which in turn was connected to the mercury U-Tube. Using the
valve, a suction was created changing the head in the mercury U-tube. A vacuum was
created ranging from 0 mm Hg to 700 mm Hg and the corresponding voltages were
recorded. Between this range five points were selected. Once the maximum suction head
was reached the same procedure was repeated by decreasing the pressure to check whether
the transducer gave the same readings as when the pressure was increased to the same
points. These data are illustrated in Table 5, which shows the voltages to be very similar at
the identical points.
Table 5. An example of voltages recorded by pressure transducer No. 1 for





























Data given in Table 5 shows the accuracy of these transducers under hysteresis conditions.
This procedure was repeated for all the transducers. Using regression analysis, curves were
fitted to the data and equations developed. An example is shown in Table 5 for transducer
No 1. The remainder of the calibration equations are given in Appendix B.
Each logger has an inherent calibration equation converting the voltage to a digital signal
for storage. Using this calibration, the transducer equation and the depth of the tensiometer
below the soil surface, corresponding matric potentials have been calculated for all
tensiometers and their data.
Equation 14 is an example of one such equation for transducer 1 connected to tensiometer
1 at Pit 1, used to calculate the matric potential head (i|r) of the soil.






Matric potential head (m)
voltage (V)
slope of logger calibration equation
intercept of logger calibration equation
depth of tensiometer below soil surface (m).
4.4.5.3 Robust Loggers
To record data automatically and continuously a recording device was required. Loggers
are expensive and for a detailed experiment such as this one, many recording devices were
needed. The DAE therefore set about to develop their own loggers which have proved to
be inexpensive, robust and successful in recording tensiometer data. These loggers interface
directly to four pressure sensors which have an amplified and temperature compensated
output in the range 0 to +5 Volts. A 6V battery powers both the logger and the transducers.





Figure 25. Logger developed by the Department of Agricultural
Engineering to record electronic signals from attached
pressure transducers.
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Four transducers linked to 4 tensiometers are attached to each logger. A change in pressure
inside the tensiometer is digitized and saved to non-volatile memory for a predetermined
time interval. This time interval can be changed, depending on how frequently data are
required. For example, during summer when there is significant soil moisture variation
within the unsaturated zone, a smaller sampling time is important. Conversely in winter,
when the soil is relatively dry, data may only be needed every hour. Before readings are
recorded, the logger preforms an internal check on the battery. If the voltage of the battery
is below a predetermined threshold, a low battery symbol is recorded in the data file.
For this research the data sampling time was set at 12 minutes with the signal from each
sensor being sampled 256 times, averaged and stored. Special functions built into the logger
software automatically switch off the logger between readings. This power saving technique
enables the battery to remain charged for up to 68 days when sampling at this T2 minute
interval. Data can then be downloaded on site to a PC (Figure 26) by depressing the button
shown in the Figure 25. The data can then be imported into a spreadsheet program where
it is converted to matric potentials using Equation 14, which is valid for transducer number
one. For the remainder of the transducers the correct equation must be used. The
specifications and limitations of these loggers can be found in Appendix C.
Figure 26. Tensiometer nest showing a laptop computer used in the
downloading process.
64
4.4.5.4 Installation of a Tensiometer Nest
The location of each tensiometer nest is shown in Figure 21, shown as Nest 1 to Nest 6.
Appendix D shows how the tensiometers are numbered for each nest, with corresponding
depths below the soil surface.
Using a muddy slurry to ensure a good contact between the tensiometers and the soil, the
tensiometers were inserted into augered holes. Each tensiometer was filled with deaired
water. Using a syringe, water was injected into each transducer ensuring no air bubbles
remained. Air bubbles cause incorrect results. Transducers were connected to each
tensiometer with tubing connected to the negative port of the transducer and tensio meter
U-tube. Each transducer was connected to 3-core cable linked to the logger and battery.
Each logger and battery at each nest were housed in tubing cemented into the ground
(Figure 26). To protect the cable, conduit tubing was used through which the cable was
passed. Holes have been drilled into the tubing which houses the logger to prevent
condensation taking place. Figure 27 shows the setup of such a nest.
Tubing with Lid —
Positive Port
Pressure Transducer
Negative Port with Tubing
Tensiometer
Soil Surface
Conduit Tubing with 3-core Cable
Cement
Figure 27. Tensiometer nest showing all components (Not drawn to scale).
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Once installed the tensiometers do not require much maintenance. The battery needs to be
replaced, with a recharged unit, every 60 days and the tensiometer itself needs to be
maintained every two weeks. Often, when the soil is exceptionally dry, the air entry pressure
into the ceramic is exceeded and air enters the system. Air in the system leads to
inaccuracies in the data and the air needs to be removed. In this event the threaded bolt is
simply removed and the water replenished. This procedure was carried out after the data had
been downloaded so as not to affect the recorded data.
4.4.6 Specific Experiments
In conjunction with the detailed hillslope experiment described, various specific experiments
were carried out. These "once-off " ventures were considered "look and see" type
experiments. The first experiment was to establish the extent and proliferation of
macropores and their flow and the second to measure infiltration and redistribution from a
controlled ponded test. Results for each of these specific experiments are presented in
Section 5.4.
4.4.6.1 Macropore Flow
Using a steel ring, water mixed with Fluorescein Sodium salt (C20 H10 05 Na2 : 376.27)
was ponded at both Pit 3 and Pit 4. This salt is a dye which illuminates with a maximum
absorption pH 8 buffer, absorbing in the wavelength region of 490 - 492 nm. The latter
experiment was abandoned due to a proliferation of macropores which became evident
when the ponded water disappeared in a matter of minutes. However, at Pit 3 the test was
successful.
4.4.6.2 Three-Dimensional Infiltration and Redistribution Experiment
On the hillslope above RO2 (cf. Figure 21), an area was selected where water was ponded,
periodically over a 2 month period. Two nests of 3 tensiometers were installed downslope
of the ponded area and readings were taken manually. This experiment gave some
interesting results which are presented in Section 5.4.
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* * *
In Chapter 4 the Weatherly catchment has been described, with more detail given to the
soils, geology, topography and bedrock of Transect 1. The methodology used to determine
the physical and hydraulic characteristics was highlighted, followed by a discussion on the
instrumentation installed. This instrumentation included automated tensiometers, piezometer
and neutron probe access tubes.
Chapter 5 follows with results from data collected from each of the measurements of the
hydraulic characteristics of the soils found along Transect 1 and monitored data collected
from the instruments.
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5. RESULTS FROM FIELDWORK
5.1 Soil Physical Properties
Descriptions of PSD, pb and cj>, with methodologies used in their measurement were outlined
in Section 4.3.2. Section 5.1.1 below, gives results pertaining to these soil physical
characteristics along Transect 1.
5.1.1 Particle Size Distribution
The hydrometer and pipette methods (cf. Section 4.3.2.1) were used to determine the
percentages of sand, silt and clay at four locations (Pit 1-4) along Transect 1. These
percentages are referred to as per cent finer throughout the remainder of this document.
Soil samples used in the hydrometer method were taken throughout the soil profile, with
samples taken within each of the three horizons, identified by the ISCW (cf. Figure 16), at
each of the four pits. To attain results representative of each soil horizon, two or three
samples from each horizon were extracted and analysed. These results within each horizon
were then averaged. A comparison of results is shown as a bar chart in Figure 28 with actual
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Figure 28. Comparison of sand, silt and clay
percentages determined by sieve and
pipette methods along Transect 1.
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These results, show that the per cent finer determined from each of the two methods do not
have large differences, except that the silt fractions are under estimated and the per cent
clays over estimated to a lessor extent when using the pipette method. Furthermore, the sum
of the per cent finer attained from the pipette method does not add up to 100%. A reason
for these differences is that the entire soil sample is used in the analysis with the hydrometer
method, whereas, the pipette method, uses a 'representative' sub-sample of the initial soil
sample, with the subsequent loss of soil.
Most of the soils within Transect 1 comprise more than 50% sand. Deeper soils close to the
bedrock at Pit 2 and Pit 3 have sand fractions ranging from approximately 15% to 35%,
with clay fractions in excess of 35% (cf. Appendix F, Tables Fl to Fl 1).
Table 6. Textural analysis. A comparison of results between the pipette and





















































































































The per cent sand decreases both down the soil profile and down the hillslope transect, as
shown in Figures 29 and 30. Table 6 shows the per cent sand at Pit 1 to vary from 66.5%
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to 57.7% down the profile. Within the A-horizon at Pit 2 the sand is 62%, Pit 3, 51% and
Pit 4,60%, with the same trend occurring within the deeper horizons. Clay fractions at Pit
1, increase from 6% near the soil surface to 13% at the base of the soil profile, with the
same trend occurring within each of the other soil profiles. These clay percentages increase
down the hillslope, except at Pit 4, where the percentages clay are similar to those of Pit 1,
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Figure 30. Cumulative particle size distribution: Pit 2,1.80m
depth.
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The PSD for Pit 1 at 0.1 m (Figure 29) shows that the soil has a high sand percentage, with
a lessor amount of clay compared with the deeper soils (Figure 30). These PSD extremes
are hypothesised to be due the different positions on the hillslope and because the PSD
curves represent the topsoil (Figure 29) and the subsoil (Figure 30). These differences
between the topsoil and subsoil are presented in Figure 31, which shows clearly that within
deeper soils the percentage of clay is large compared to soils closer to the surface. The
remainder of the PSD curves at each location on Transect 1 are presented as Figures IF to
9F in Appendix F.
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Figure 31. Comparison of per cent finer between the topsoil (Pit 1)
and the subsoil (Pit 2).
5.1.2 Bulk Density and Porosity
The pb and porosities of the soils were determined using the corer and excavation methods
(cf. Section 4.3.2.2) at each of the 4 pits, from the soil surface down to the bedrock. For
each depth down the soil profile (Table 7), a number of samples were taken and analysed.
Results shown are the average pb and <{> for each depth. As a data check, Table 7 shows
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also the porosities and bulk densities calculated during the outflow cell analysis. Missing
data are a result of lost samples or from problems which arose during analysis.
Table 7. Comparison of bulk density and porosity determined using the Corer,
Replacement and controlled outflow cell sample, with the soil type at each




















































































































Results from the corer method at Pit 1 and Pit 2 are higher than those determined from the
excavation method. These differences are negligible in comparison to other errors of
measurement. A reason for these differences could be that the soils within this midslope
region along Transect 1 are very compact, making excavations difficult, thus resulting in
error. Samples were only taken up to a depth 0.3 m at Pit 4 due to the presence of very
high water tables at the time of sampling. The bulk densities for each soil profile increase
down the profile, except for the Avalon soil between 0.40 m and 0.60 m. No large
differences are noted between the soils along Transect 1, except that the bulk densities
increase slightly with depth due to the compact nature of these soils. In the Avalons at 0.4
m, Pinedenes at the surface and the Kroonstads at the toe of the hillslope, the pb is lower at
depth than nearer the surface. This is possibly due to the proliferation of macropores
observed in the field.
A discrepancy exists between these measured pb and <$> and those measured in the controlled
outflow method. This could be attributable to the fact that the locations from where the soil
samples were extracted for physical measurements, were different to the location of samples
taken for WRC analysis. A reason for these differing locations are because the soil samples
were taken at different times throughout 1996 and the identical locations could not always
be found. These different results therefore show the large spatial variability of soil
properties which occur along Transect 1.
5.2. Soil Hydraulic Characteristics
An outline of the soil hydraulic characteristics and methodologies used in their measurement
is presented in Section 4.3.3. Theoretical curves defining the WRC have been fitted to the
data using Brooks and Corey (1964) functions. These are presented in Section 5.2.2. Where
water tables intersected the soil surface at Pits 3 and 4 the auger hole method was used to
calculate the K. of the soil (cf. Section 4.3.3.1). Results from the auger hole method were
totally different to those measured in the field, showing a common error that occurs when
using such an empirical equation, derived under different conditions. Double ring and
tension infiltrometer results are presented in Section 5.2.1. below.
5.2.1 Hydraulic Conductivity
A total of 40 DR and 42 TI tests were successfully completed. Table 8 shows a comparison
between the conductivities at the soil surface at Pit 1 and Pit 4. The remainder of the
conductivities determined for each of the soil profiles are given in Appendix G (Tables Gl
to G20).These results show a large variation in conductivities. The high K(0) at Pit 4
suggest that the soils have a larger clay content than at Pit 1. The K,,, at Pit 1 on the other
hand, is an order of magnitude larger than that at Pit 4, suggesting either the presence of
preferential flow pathways or very sandy soils, with relatively large pore sizes. From field
observations preferential flow pathways have been observed in the region of Pit 4,
substantiating these findings.
Table 8. Comparison of unsaturated and saturated conductivities for Pit 1 and Pit 4
































An in-depth analysis of these results is presented together with the WRC of the soils in
Section 5.2.3. First, however, the procedure used to fit Brooks and Corey (1964)
parameters to the measured WRC data is outlined below in Section 5.2.2.
5.2.2 Water Retention Characteristics
Using the controlled outflow cell method the WRC for each soil sample taken from
Transect 1 were determined. Brooks and Corey (1964) parameters were fitted to these data.
This procedure was carried out by plotting the matric potential head (h) against the effective
water content (Se) on a logarithmic scale, as shown in Figure 32.
Se can be expressed in two ways depending on the input parameters. In terms of water




where 6 = water content of the soil (m .m )
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Figure 32. An example of a log/log plot of the matric potential of
the soil against the effective water content, where a
straight line is fitted to the data.
The residual water content of a soil is the air dry water content. A clayey soil therefore has
a larger residual water content compared to a sandy soil. Using Brooks and Corey (1964)
parameters Se can also be expressed as follows, with each of the two equations satisfying
different conditions:
S e = l when h < hd




Brooks and Corey (1964) air entry pressure (m) and
matric pressure head (m)
Brooks and Corey (1964) pore size distribution index.
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By adjusting 0r, X and hj, curves were fitted to the data according to the method of Brooks
and Corey (1964). Changing the log/log plot to a standard plot then yields an exponential
curve through the data as shown in Figure 33, which depicts the fitted WRC and shows the
calculated parameters of air entry and residual water content.
Water Retention Characteristic
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Figure 33. Water retention characteristic determined using Brooks
and Corey (1964) parameters
This procedure was carried out on each of the WRC's from the soil samples taken from
Transect 1. The Brooks and Corey (1964) parameters obtained for each WRC are presented
in Table 9. Highlighted values show errors in measurement. Such incorrect results can
occur if the soil sample taken from the field is not stored correctly. Such samples break up
and WRC analyses cannot be performed. Other errors occurred during the operation of the
outflow instrumentation.
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Table 9. Brooks and Corey (1964) parameters, with porosities and bulk densities


































































These WRC, Brooks and Corey (1964) parameters and the hydraulic characteristics are
discussed in Section 5.2.3 below.
5.2.3 Comment on Physical Hydraulic Characteristics
The water retention and hydraulic conductivity characteristic curves are given in Appendix
G (Figures Gl to G20). WRC curves paired with conductivities represent data collected
from identical locations. Where WRC data are not available, only K characteristics are
presented.
Table 10 gives a summary of the percentages of pore water drained at 1000 mm tension for
each of the soil profiles. Included are the saturated and unsaturated conductivities at both
the upper and lower limits of tensions, 5 mm to 165 mm, used in determining the
unsaturated conductivity characteristics.
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Table 10. Percentage of water drained at 1000 mm together with K,, and K(0) at two

































































































































































































* No value for K, available at 165 mm, instead value taken at 100 mm.
** No WRC data available.
The percentage of pore water drained, at a matric pressure head of 1000 mm, increases
with increasing depth for the Avalon and Tukulu soils. Those percentages of pore water
drained decreased with an increase in depth on the midslope at Pit 3 (cf. Appendix G,
Figures G14 to G21). Approximately 92% of the pore water has drained at 0.40 m in the
Avalons at a matric pressure head of 1000 mm compared with 75% at Pit 2 at the same
depth (cf. Appendix G, Figures G5 and G13). A large amount of water drained from a soil
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at a low matric pressure head suggests a presence of macropores. This is supported by the
very high K,. at the same location. Pit 2, at a depth of 1.40 m, shows that 30% of the pore
water has drained at a matric pressure head of 1000 mm, followed by a slow desorption of
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Figure 34. Soil water retention characteristic: Pit 2, 1.40 m depth.
This slow desorption shows that the soil has a large water holding capacity since it has a
larger residual water content compared with those of the other soils. The conductivities at
this depth reflect the high clay content since these K,. values are relatively lower (Figure 35)
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Figure 36. Hydraulic conductivity: Pit 4, 0.20 m depth.
In comparison to Pit 1 at the soil surface, 68% of the pore water has drained at a matric
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Figure 37. Water retention characteristic: Pitl, soil surface.
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Figure 38. Hydraulic conductivity: Pit 1, soil surface.
In general K̂  decreases with depth following an increasing clay content. No clear cut trend
can be seen with the K(6) as shown in Table 10, except that they are much lower than the
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K,.. Occasionally the K(0) are relatively high as often happens for Pit 2 and 3 at 0.40 m and
0.70 m respectively (cf. Appendix G). This is most likely due to more sandy layers present
within the profiles.
Simple and multiple regression analyses were performed to identify whether trends are
evident between the K., soil depth and clay content. A multiple regression analysis gave an
r2 of 0.37, showing no significant relationship. For each profile, except at Pit 1, a simple
linear regression was performed between K. and soil depth and the clay content. These
results are presented in Table 11.
Table 11. Coefficients of determination for K,, regressed against soil depth and clay













From the information presented in Table 11 there is clearly a reasonably good relationship
between Kj and clay content down the soil profile. These results can be expected since K,
is related to the PSD of the soil, in that a higher sand content causes larger K̂  . There is a
good relationship between the ly. and soil depth, as one would expect, since along Transect
1 the clay content increases with depth (cf. Section 5.1.1).
5.3 Monitored Results
Details of the methodology of the monitoring of soil moisture, groundwater and
tensiometers is outlined in Section 4.4. This section considers the soil moisture, tensiometer
and groundwater results and their interaction, since each is related as a result of the various
process interactions (cf. Section 2.1).
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Transect 1 was visited during many of the rainfall events, where some informative general
observations were made:
Storms of a high intensity produce mainly surface runoff (Figure 39) with little
evidence of infiltration. This response to the high input flux is compounded by the
grassland that is in a poor hydro logical condition. Analysis of the soil moisture and
tensiometer data after such events shows little or no change to the soil moisture
status, indicating an absence of an infiltration wetting front.
*ifr :
" ' * * ' • • • ;
Figure 39. Surface runoff production after a
storm having a high rainfall
intensity.
b. Low intensity, long duration events result in significant infiltration especially if the
AMC is low.
In response to b. above, rapid water table rises have been observed with an increase in the
soil water contents and a decrease in tensions in the upper layers. Exfiltration was observed
in the toe region of the hillslope, shown in Figure 40, taken just below Pit 4. Also observed
was macropore and pipe flow (Figure 41), where flow from these conduits continued for up
to 3 days after a rainfall event of 26 mm on the 29 December 1996. A large pipe,
approximately half a metre in diameter was observed. Here water gushed continuously for
two davs after the same rainfall event
Figure 40. Exfiltration occurring in the toe region of the hillslope
Figure 41. Macropore flow occurring at the toe of the hillslope.
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These frequent field visits enabled important general observations to be made, enabling a
clearer understanding of data collected from the field.
To interpret these detailed observations, it is expedient to begin with an understanding of
the variation in the soil profiles along Transect 1. Table 12 shows the soil types found at
each pit with their horizons, depth ranges and positions on the hillslope. Depths shown in
bold make up the total depth of the soil profile to bedrock. The depths at which readings
take place with the NMM are also shown.
Table 12. Information regarding the soil horizons found at each pit location with their



























































Pit 1 near the crest of the hillslope has shallow soils overlying an undulating and fractured
bedrock (cf. Figure 18). Water appears to feed this region from further upslope and from
field observations it has been observed that this section of Transect 1 becomes very wet after
prolonged rainfall. There are two possible explanations for this. First, immediately upslope
of Pit 1, there is a large area covered by rock outcrop, providing a direct runoff surface.
Secondly from field observations there is a rock outcrop downslope of Pit 1, immediately
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upslope of Pit 2. This area behaves in the same way as the toe region of the hillslope with
water building up at this interface, inducing saturated conditions. For these reasons the
groundwater observations at this location are higher than would be expected of a location
near the crest of a hillslope. In the midslope, Pits 2 and 3 have very deep soils and low water
tables compared to Pits 1 and 4. These soils are well drained, with water being able to
redistribute quickly within the soil profile. In the toe region at Pit 4, the soils are shallow and
a high water table is supported and was present since the beginning of the monitoring in
April 1996 until April 1997. It is in this region that exfiltration and return flows occur with
significant preferential water flow, because of the large abundance of macropores found
here. A more detailed explanation of these observations, with results, is discussed in Section
5.3.1.
Rainfall data for 1996 and 1997 is presented in Figure 42, showing the daily rainfall totals,
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Figure 42. Daily rainfall totals and the periods when soil moisture
measurements and monitoring occurred.
Detailed data were collected during an intensive monitoring period between December 1996
and April 1997. These data are divided into:
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a, manual monitoring of soil moisture, groundwater and tensiometer data (December
1996 to January 1997), and
b, continuous automated tensiometer monitoring with manual monitoring of soil
moisture and groundwater data (February 1997 to April 1997). This period has been
further subdivided into smaller time periods, as shown in Figure 43. These periods
are 7 February 1997 to 15 February 1997 and 19 February 1997 to 7 March 1997.
These periods have been selected to show the soils' response to individual rainfall
events.
5.3.1 Manually Monitored Results (December 1996 - January 1997)
5.3.1.1 Runoff
Two major runoff events were observed and runoff data were collected. These rainfall
events occurred on 22 and 28 December 1996 having total rainfalls of 15 mm and 14 mm
respectively. Runoff volumes on both events exceeded 0.21 m3 over an area of 176 m2,
which equates to only 1.193 mm over the area. Exact volumes were therefore unable to be
determined since the container into which the runoff was routed, proved to be too small,
attributable to poor planning. During both rainfall events the container overflowed, with the
subsequent loss of water.
5.3.1.2 Soil and Groundwater
Figure 43 presents data collected manually for the period 15 December 1996 to 18 January
1997. These data include matric head potentials (MHP) of the soil at varying depths, soil
moisture status for each soil horizon {cf. Section 4.3.1.1) and the water table heights. As a
reminder, the abbreviations GWl to GW4 refer to the water table heights at the piezometer
tubes near Pits 1 to 4. Similarly, Nestl to Nest4 refers to the tensiometer nests and NP1 to
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Figure 43. Results from data collected manually from each of the 4 pits along Transect 1. Results include, (from the top) daily
rainfall totals, matric head potential of the soil with depths from which readings have been taken, neutron moisture
meter data for each horizon and water table heights.
The MHP of the soil refers to the tensions within the soil. A larger value compared with a
smaller value indicate higher tensions within the soil, implying a drier soil in comparison to
a soil with a lower matric potential. In this instance water will tend to move in the direction
of the higher matric potential (drier soil) and in response to gravity. On the other hand, the
moisture content data shows the water content (per cent by volume) to have a low value,
representing a dry soil. The response of soil moisture and hydraulic head data should
therefore be a mirror image of one another at any point within a soil profile.
Furthermore the observed soil moisture data obtained at a depth close to the water table
may follow the same trend as the phreatic surface of the groundwater volume due to the
capillary fringe. These trends are clearly demonstrated for Nests 1 and 3, where the MHP
at a depth of 0.22 m and 0.21 m, respectively, correspond with the soil moisture within the
A-horizon. These soil moisture contents increase rapidly in response to two rainfall events
on the 21 and 22 December (when 24.6 mm and 15 mm fell). The soil moisture content
continues to increase with a further rainfall amount of 8.8 mm on 23 December. Within
deeper horizons, the redistribution response to rainfall is not as pronounced as within the
A-horizon, as shown by the MHP and moisture content data. An anomaly is evident at Nest
4. Data recorded at 0.46m shows the soil to be drier than the soil above at 0.12 m. This is
unusual since the water table is present at this depth and saturated conditions should be
reflected. A reason for this anomaly could be explained by the localised differences in the
soils and the fact that Nest 4 is 2 m away from the piezometer tube (NP4).
Three observations with respect to the water tables are immediately apparent:
a. first, disregarding GW 1, water table heights increase downslope, reaching a
maximum in the toe region (Pit 4);
b. secondly, GW 4 shows a water table throughout the six-week period (in fact, the
water table has been present since the beginning of 1996) compared with the water
tables at GW 2 and 3, which have been predominantly very low. These water tables
at GW 2 and 3 responded only to rainfall on the 15 December 1996 at GW 3 and
later in the same month at GW 2 and,
e, thirdly, GW 1 and GW 4 seem to behave in a similar fashion regarding soil water
tensions, which are generally lower than in the midslope. This suggests
predominantly wetter soils at GW 1 and GW 4. A reason for this is that there is
possibly a high capillary fringe because of high groundwater tables. Both water
tables respond in a similar way due to a water build up in the toe region at each
location. On the hillslope crest, bedrock outcrops just downslope of Pit 1, with the
soil depth decreasing as the outcrop is approached. Water moving downslope causes
a water build up, behaving in a similar fashion to the toe of the hillslope.
The water table responses are different at each of the four locations. Pit 4 responds
immediately to rainfall since the water table is very close to the soil surface and push
through (interflow) from upslope probably occurs. Rainwater thus does not have far to
travel to replenish the groundwater store compared with the other piezometer tubes, where
the soils are deeper and the water table heights are not as high as that in GW 4. Water table
responses within the midslope occur between one and 10 days after large rainfall events.
These response times increase down the slope, indicating possible subsurface flow, with
water moving along the bedrock and soil interface downslope. During periods of no rainfall,
GW1, 2 and 3 show a water table drop while GW4's water table height increases. This can
be explained by possible preferential flow and subsurface flow that continues after the
rainfall event, with water replenishing this water store from upslope. Towards the end of
December 1996 exfjltration was observed in the toe region where the water table intersected
the soil surface, producing waterlogged and saturated conditions with subsequent
exfiltration of water (cf. Figure 40).
5.3.2 Automatically and Manually Monitored Results
The automatic monitoring of six tensiometer nests commenced in February 1997. Data from
each of the six nests have been error checked. The predominant breakdown in tensiometry
measurements was related to cracked ceramics or air entry into the tensiometer in the
connections of the pressure transducer. These incorrect data have been disregarded and are
reflected as discontinuous gaps in the data sets. Tensiometer data from each nest next to Pits
1 to 4 are demonstrated for the period February 1997 to April 1997, when intensive
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monitoring took place. During the same time period soil moisture and water table
measurements were continued. These data sets are analysed and interpreted together to gain
a better understanding of the hillslope subsurface processes which occur at Weatherly. These
data records are discussed below in Section 5.3.2.1.
5.3.2.1 Tensiometer and Groundwater Monitoring
Tensiometer data sets with daily rainfall totals are presented as Figures 44 to 47 for Pits 1
through 4 respectively. At each tensiometer nest, data are recorded from four tensiometers
which reside at various depths within the soil (cf. Appendix D). At Nest 3 there are data
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Figure 44. Tensiometer data shown as matric pressure heads for Nest 1, from
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Figure 45. Tensiometer data shown as matric pressure heads for Nest 2, from
4 April 1997 to 15 April 1997.
Pit 3
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Figure 46. Tensiometer data shown as matric pressure heads for Nest 3, from







04-Feb 14-Feb 24-Feb 06-Mar 16-Mar 26-Mar 05-Apr 15-Apr
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.12m — 24m 46m Rainfall
Figure 47. Tensiometer data shown as matric pressure heads for Nest 4, from
4 April 1997 to 15 April 1997.
Distinct differences are evident between tensiometer data sets as shown in Figures 44 to 47.
These are the MHP ranges of the soil within the first 0.2 m of the soil profile. Prior to 26
February 1997, there was little rainfall. During this time the MHP of the soil exceeds 3 m
at Nests 1 to 3 and at Nest 4 the MHP of the soil is less than 1 m. Between 3 of March
1997 and 15 of April 1997 rainfall exceeded 130 mm, resulting in a very wet hillslope
transect, as reflected in the data. During this time the MHP of the soil decreases as the soil
becomes wetter. In explaining these MHP ranges, the water table heights at each location
along Transect 1 need to be considered.
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These data show the groundwater heights above the bedrock, rainfall totals and the change
in water table heights between measurements. Values which are negative show that the
water table has decreased since the previous measurement was taken. On each figure the
actual soil depth is reflected by the maximum value on the Y axis. Plotting the data in this
way allows direct comparison of data from the four piezometer tubes at transect locations
along Transect 1.
A water table has been present since the beginning of monitoring at GW 4 (Figure 51).
During the latter part of December 1996, water tables developed at the other locations on
Transect 1, as shown in Figures 48,49 and 50. Disregarding GW 1 (Figure 48), water table
heights tend to increase down Transect 1. For example, on 5 January 1997 the water table
heights are 0.36m, 1.791m and 1.030m at GW 2, 3 and 4 shown in Figures 49, 50 and 51
respectively. At GW 4 the depth is 1.30 m, which is less than the water table height at GW
3, but then the soil at Pit 4 is so much shallower (cf. Appendix A).
During periods of low rainfall each water table along Transect 1 deceases at different rates.
The water table at GW 2 (Figure 49) decreases to zero at a rate that is greater than thai at
Pit 3 (Figure 50). At GW4 the water table (Figure 51) does not drop substantially in
comparison to the other locations on the hillslope and varies between 1.02 m and 0.70 m
throughout the measured period. These data indicate possible subsurface flows where water
from upslope feeds the water body at GW 4, increasing the water table height here, with the
subsequent decreases in water table heights upslope.
In terms of rainfall, Figures 48 to 51 show that the water tables at each location along
Transect 1 respond differently. The water table response to rainfall increases down the
hillslope transect. This can be explained not only by interflow downslope, but also by the
depths to the water tables. Furthermore, these increased water table heights are related to
the MHP of the soils as shown in Figures 44 to 47. These MHP differences, approximate
water table depths below the soil surface and water table heights above the bedrock are
tabulated in Table 13 for a dry and wet period, viz 26 February and 3 March 1997
respectively. Using MHP and depth to water table data, it is assumed that the wetter the
soil, the quicker the water table response is to rainfall.
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Table 13. Monitored differences in MHP of the soil at different soil depths at each
tensiometer nest over a dry and wet period, depths to water table (DW) and



































































The surface soils close to Pit 2 have a lower MHP than these soils at deeper depths. This
is attributable to the fact that these soils near the soil surface are sandy, wetting up relatively
quickly in comparison to the deeper soils which have a higher clay content. The lowest the
MHP reaches is 0.5 m and 0.25 m at Nests 2 and 3 respectively and 0.19 m for Nests 1 and
4. It should be noted that a MHP value of 0.19 represents saturated conditions. These
MHPs of the soil tend to decrease down the soil profile at all Nests, showing a wetter soil
on average.
For a dry period around 26 February 1997 little rain fell, which is reflected in the data
shown in Table 12. There is no evidence of a water table at GW 2 and 3 and the soils at
these locations have MHPs ranging between 2.4 m and 3.75 m respectively. At GW 3 a
water table is present 2.57 m below the soil surface. Unfortunately no usable tensiometer
data were available at soil depths greater than 0.12 m. MHP data at Nest 4 differ in
comparison with those at the other Nests on Transect 1. These values at Nest 4 range from
0.98 m to 0.35 m at a depth of 0.24 m. A water table is present just 0.64 m below the soils
surfece at GW4. Under these circumstances the soil is very wet, as shown by the low MHP
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data (Figure 47) compared to the MPHs at the other pits. Between 26 February and 3
March 1997, a period of seven days, rainfall totalled 86 mm. During this period water tables
were seen to develop at GW 1 and 2 reaching heights of 0.36 m and 0.11 m respectively.
At GW 3 and 4 the water table heights increased by 0.105 m and 0.475 m respectively. The
MHP data for the same period decreased in response to infiltrating water, as shown in Table
13.
These data support two arguments:
a. first, the closer the water table to the soil surface, the wetter the soil will be, as
indicated by low MHP and
b, secondly, water tables respond quicker when close to the soil surface as a result of
infiltration and push through (interflow) from upslope.
Another factor which influences the rate at which the soil increases in wetness followed by
a subsequent change in water table height, is the intensity of the rainfall. This is shown in
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Figure 53. Tensiometer data taken during a low rainfall intensity event at Nest
2.
These figures show tensiometer data for Nest 2, during a high and low intensity rainfall
event respectively. These figures are subsets of Figure 45, which are taken at a smaller time
scale and show rainfall breakpoint data. The remainder of these data for the other nests are
presented in Appendix H.
A high intensity rainfall event occurred on 10 February 1997 when 30 mm fell over a period
of one hour (Figure 52). A large amount of runoff was observed from the runoff plot. At
Nest 2 (Figure 52) the response to infiltrating water at a depth of 0.22 m was relatively
rapid, with a decrease in MHP from 2.5m to less than lm. The deeper soil horizons show
a very small change in the MHP. These trends are consistent with those of the other data
sets along Transect 1. These data therefore show that for a high intensity rainfall event little
water infiltrates as shown by small changes in the MHP and water table heights.
By contrast, a low intensity long duration rainfall event occurred on 28 February 1997
when 38 mm fell over a period of 24 hours. No runoff was observed. Changes in MHP show
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a slow response initially, with the soil wetting up approximately 10 hours later (Figure 53).
At a soil depth of 0.22 m the MHP decreases from 3.25 m to 0.4 m. After a couple more
hours at a soil depth of 0.52 m these MHPs decrease from 2.45 m to 1.25 m with the soil
wetting up, but remaining relatively drier than the soil horizons above. Furthermore, at a soil
depth of 0.79 m the MHP response to infiltrating water is lagged by a few days to 1.75 m.
These tensiometer data show that the soil horizons before rainfall are relatively dry. As the
soil horizons approach saturation, a wetting front moves down the profile, increasing the
soil water content. During this low intensity event the water table heights at GW 2 and 3
increased in height by a small amount, possibly because of very deep soils on the midslope.
Infiltrating water therefore needs to travel further to replenish the groundwater. At GW 1
and 4 the water tables increased significantly from 0-0.36 m and 0.45-1.0 m respectively.
These large increases are attributable to the shallow soil depths and the initially high water
tables (GW 4) before the commencement of the rainfall.
From these interpretations it is clear that a continuous record of tensiometer and water table
data together, provide invaluable information pertaining to infiltration, redistribution and soil
water fluxes on a hiMope. Using these data sets a great deal of insight into processes
occurring at this hillslope scale can be gained. Other data can be used to infer these
processes, but without the same degree of accuracy. The soil moisture contents have been
monitored at four locations along Transect 1. These data are analysed in Section 5.3.2.2
below.
5.3.2.2 Soil Moisture Data
Other commonly used data to infer the soil moisture status of the soil is NMM data. The
problem associated with such data is that they do not provide a continuous data record, nor
do they give an indication of hydraulic gradients. These hydraulic gradients are very useful
for the calculation of soil water fluxes, which can be calculated from the tensiometer data.
Figures 54 to 57 show the total soil moisture and rainfall records for NP 1 through 4. These
data are shown for the A, B and F-horizons for Pits 1 to 3 and the A, E and F-horizons for
Pit 4 as described by the ISCW (cf. Section 4.3.1.1). Using the NMM , data are taken at 0.1
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m intervals to a depth of 0.6 m and thereafter every 0.2 m to the base of the soil profile.
These data were then averaged accordingly for the A, B, E and F-horizons.
Pit 1
Soil Moisture Status
-Mar-96 21-Nov-96 21-Dec-96 10-Jan-97 18-Feb-97 04-Apr-97
1996/1997
A Horizon Soil Moisture * B Horizon Soil Moisture
F Horizon Soil Moisture * Daily Rainfall
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A Horizon Soil Moisture
F Horizon Soil Moisture
B Horizon Soil Moisture
Daily Rainfall
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A Horizon Soil Moisture - E Horizon Soil Moisture
F Horizon Soil Moisture * Daily Rainfall
Figure 57. Soil moisture record for NP 4 from 27 March 1996 to 4 April
1997.
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These soil moisture data show an opposite trend or mirror image of the tensiometer data,
as shown in Figure 44 to 47 (cf. Section 5.3.1.2). For example, a high soil moisture content
will be reflected by a lower MHP, indicating a wet soil and vice versa.
Four days, viz. 28 June 1996, 19 December 1996, 26 February 1997 and 3 March 1997
have been selected where the measured soil moisture is either very high or low (Figures 54
to 57). For each of these selected days, the soil moisture at each horizon is tabulated in
Table 14. These data are compared and interpreted in conjunction with Figures 54 to 57.
Table 14. Comparison of soil moisture data (percentage by volume) for selected days












































































At each of the four pits the soil moisture content is seen to increase down the soil profile
except at NP 4, where in January 1997 the E-horizon is wetter than the F-horizon (Figure
57). There is a definite transition within horizons at each pit throughout the year, with soil
moisture contents increasing in the period between the winter and summer months. On 21
December 1996 a rainfall event of 24.6 mm caused the water contents to increase radically
at all locations of Transect 1, especially in the A-horizon and to a lesser extent in the B-
horizons. The moisture contents in the E and F-horizons remain relatively constant
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throughout the year. Soil moisture data from 26 February and 3 March 1997 (Table 14)
corresponds with the tensiometer data on the same days (Table 13), with lower soil moisture
contents and higher MHP for the drier period and the reverse being true for the wetter
period.
To attaint a greater understanding of how the soil moisture content varies within each
horizon within Transect 1 it is important to compare soil moisture data for each horizon at
each location on the hillslope. These comparisons are shown in Figures 58 to 60 for the A,
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1996/1997
Pit 1 Pit 2 Pit 3 Pit 4 * Rainfall
Figure 58. Comparison between the soil moisture contents within the A-
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Figure 59. Comparison between the soil moisture contents within the B-
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1996/1997
Pit 1 • Pit 2 Pit 3 Pit 4 Rainfall
Figure 60. Comparison between the soil moisture contents within the F-
horizon at each pit.
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During the winter months (cf. Table 14, June 1996) the soil moisture within each horizon
at each pit is not significantly different, except for the F-horizon at Pit 4, which has a soil
moisture content that is greater than that at the other pits.
Between February and March 1997 the soil moisture contents of the A-horizon (Figure 58)
at NP 1 and 4 are very similar and differ from those at NP 2 and 3, which have lower soil
moisture contents due to the well drained soils at these locations. Within the B-horizons
(Figure 59) the moisture contents at NP 2 and 3 are very similar. NP 4 has relatively higher
soil moisture contents which also exceed the soil moisture content at NP 1 at the same
depth. This is possibly because of the higher water tables found here. This trend is evident
in the F-horizon, as shown in Figure 60, except that the soil moisture contents at NP 2 and
3 differ. These soil moisture data therefore show that on average the moisture content
increases down the profile and transect. An important point to consider is that, since these
soil moisture data are collected weekly, diurnal wetting and drying cycles within the soil are
often missed.
5.4 An Overview of Physical and Hydraulic Properties and Monitored Results
The PSD data show that the percentage sand decreases both down the soil profiles and
down the transect, with the inverse being true for the percentage clay. The pb indicate the
presence of macropores both on the crest and toe of the hillslope. This is verified by field
observations. The K of the soils decrease with depth within the soil horizons. There are,
however, conductivity variations within certain soil profiles also reflected in the PSD data.
This may be a result of either sandy or clayey lenses that are present within the soil profiles.
Using linear regression techniques it was found that a reasonably strong relationship exists
between the Kj and the soil depth and clay content within each profile. The WRC data verify
conclusions drawn from the PSD data and K of the soil, especially when considering the
proliferation of macropores in this region.
With respect to actual monitored data, the soil moisture within the soil profiles show a large
variation between NP 1 and 4 in comparison to the soil moisture in the Pits on the midslope.
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Reasons for this are that the midslope locations have deep and well-drained soils in
comparison to the soils found at the crest and toe of the hillslope. Pits 1 and 4 may be
hydrologically similar with much water accumulating in the summer months. Groundwater
data show a similar trend in terms of water accumulation, with the crest (Pit 1) and toe
regions (Pit 4) exhibiting large water tables. The remainder of the data show the water tables
to be localised. The tensiometer data help determine the water fluxes within the soil profile
giving also an indication of the redistribution of water during and after a rainfall event.
These MHP and groundwater data show that water infiltrates vertically down the soil
profile, which upon reaching the bedrock, forms perched water tables. These perched water
tables induce soil water fluxes in response to hydraulic gradients with water moving laterally
along the bedrock downslope as interflow.
Results from the infiltration and redistribution test (cf. Section 4.4.6.2) confirm these
observations. Data showed that at the onset of ponding, water infiltrates moving vertically
until the bedrock below is reached. From there it appears to move laterally downslope as
subsurface flow. Once the test was abandoned, the tensiometer data showed the soil profile
to dry considerably with a receding of the wetting front.
Although no direct measurements were performed to study macropore flow, a fluorecent
dye was used to isolate preferential flow pathways (cf Section 4.4.6.1). After water had
been ponded for 20 hours the soil adjacent to the ponded area was cut carefully and
illuminated with UV light at night and photographed (Figure 61). The result was not as
expected as the dye did not show up all that well, probably because it was adsorbed by the
significant clay fractioa Figure 61 shows an illuminated soil section at Pit 3, from which the
various flow paths through the soil capillaries and macropores can be seen.
From all data sets discussed in Chapter 5 a clearer understanding and insight into hillslope
hydrological processes has been achieved. Using MHP and NP data, infiltration and
redistribution within the soils on Transect 1 were inferred. These data showed that the soil
moisture contents increase both down the profile and the Transect. The rainfall intensity also
plays a role, with low intensity rainfall allowing more effective infiltration, which in turn
feeds the water tables.
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Figure 61. Preferential flow pathways illuminated with a
fluorescent dve at Pit 3.
Interpretation of these data sets, show that the dominant process which occurs along
Transect 1 is the movement of soil water vertically with the subsequent formation of
perched water bodies. Once these water bodies reach a critical height, interflow occurs,
which feeds the water bodies downslope. An interpretation of the soils' data also seems to
indicate possible macropore flow in the toe. These fluxes certainly contribute to the overall
hillslope water budget.
* * *
In Chapter 5 results from the hillslope experiment along Transect 1 at Weatherly were
analysed and interpreted. These data included tensiometer, groundwater and NMM data
sets. These data allowed an in depth study of hillslope hydro logical processes and results
108
showed that with much rainfall water infiltrates the soil feeding water tables. Upon reaching
a critical height these water tables move downslope forming interflow. Each water table
responds at different rates depending on the position on the hillslope.
Chapter 6 presents a simple water budget of the hillslope. This is an attempt at isolating the
dominant surface and subsurface processes. Once these dominant processes have been
identified in this way, a decision is made as to how to set up a numerical model. The
HILL5D model has been selected to simulate these subsurface processes, especially
interflow, at the hillslope scale. These simulated results are then compared with actual data
collected in the field.
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6. HILLSLOPE WATER BUDGET AND MODELLING
Hillslope hydrological models usually include:
;a» input parameters which represent the physical characteristics of the hillslope;
b, inputs of rainfall and other meteorological data which, together with hydrological
process algorithms allow calculation of,
c. surface and subsurface water fluxes, changes in storage within the vadose zone /
water table and water losses from the system (Larson, Onstad, Richardson and
Brooks 1982).
The third of the above points is the 'heart' of most catchment and hillslope models, which
consist of a series of sub-models, each representing separate hydrological processes. Sub-
model selection is an important criterion in model building, dependent on the modelling
objective. The modelling objective of this research is to simulate the water fluxes within the
saturated and unsaturated zones and the changes in storages within these zones, viz. the
vadose and groundwater zones. HILL5D (cf. Section 3.5.3) satisfies these sub-model
criteria, as this model includes the simulation of the perched water table within the saturated
zone.
Before using such a model, a manual hillslope water budget needs to be performed to
identify the dominant subsurface processes that occur within the given "system", which in
this case is Transect 1. Such a water budget will allow the assessment of whether or not the
mathematical model is suited to the system. Using input data from Transect 1 (cf. Section
4.4), water fluxes and storage changes within the vadose and saturated zones have been
calculated for a short period consisting of a four days, viz. 20, 29 December 1996 and 2, 3
January 1997. First bedrock information was collected, a necessity for the calculation of
hydraulic gradients.
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6.1. Bedrock and Water Table Descriptions
Holes to bedrock depth were augured at selected locations along Transect 1, with the
majority of holes being concentrated in the toe region around Pit 1. These depths to bedrock
with the hillslope survey {cf. Section 4.3.1.3) allowed the calculation of the relative bedrock
elevations above mean sea level. From these data, bedrock contours were delineated, as
shown in Figure 62.















Figure 62. Bedrock contours (m) for Transect 1 showing relative positions of the
pits, piezometer tubes and auger holes used in their determination.
Soils at the crest of the hillslope become shallower towards the rock outcrop at an elevation
of 1332 m. This region behaves in a similar way to the toe region of Transect 1, which
explains the high water tables found here in comparison to the water levels at the midslope,
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around Pit 2. Therefore, the area from Pit 1 to Pit 2 has been excluded from the water
budget calculations.
Bedrock elevations in the midslope vary considerably when compared with those at the toe
region, where the bedrock is flatter. The bedrock elevations change by 18 m between the
crest and toe of the hillslope over a horizontal distance of 200 m. A cross-section along
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Figure 63. Cross section along Transect 1, showing the relative positions
of Pit 1 to Pit 4.
Using the contoured map of the bedrock (Figure 62), water table elevations above bedrock
were plotted and these were used to interpret soil water flow pathways, water fluxes and
hydraulic gradients. Table 15 shows the bedrock elevations from which the contoured map
was derived with water table heights measured for each of four selected days.
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Table 15. Bedrock elevations (BR), WTH elevations above mean sea level and actual

















































































































































December 20,1996 was selected as the starting point of the water budget as the catchment
was relatively dry and water table heights were used as a standard from which to compare
the rest of the data sets. Data from the remaining three days, viz. 29 December 1996, 2 and
3 January 1997, were used in water budget calculations. Table 15 shows also the water table
elevation, which is the sum of the water table height and bedrock elevation at that point, and
the amount of rainfall that fell for each day.
Using information from Figure 62, water table heights (WTH) for each day were plotted.
Using visual interpolation based on the bedrock elevations and source and seep regions
identified on Transect 1, WTH contours were inferred, as shown in Figures 64 to 67.
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Figure 64. Bedrock elevations and water table heights for 20 December
1996.
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Figure 65. Bedrock elevations and water table heights for 29 December
1996.
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Figure 66. Bedrock elevations and water table heights for 2 January
1997.
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Figure 67. Bedrock elevations and water table heights for 3 January
1997.
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Figures 64 through 67 clearly show how an initially dry hillslope (Figure 64) becomes wetter
with prolonged rainfall, shown by the WTH contours. Initially, below Pit 2, there is no
water table, with most of the groundwater residing in the toe region of the hillslope.
Following a rainfall event of 25mm on the 29 December 1996, water tables developed in the
midslope region with the water body at the toe growing in size. WTH contours for each day
show that the toe region of the hillslope is in fact on the left-hand side of the hillslope base,
since the contours converge in this region. Using these water table height contours,
hydraulic gradients and soil water fluxes can be calculated. These show gradients to exist
between Pit 4 and 3/4 B, a factor which is important when considering left and right lateral
flow (cf. Equation 18).
6.2 Water Budget of Transect 1
A simple water budget equation, which represents a simplified form of the continuity
equation, is as follows:
Inflow - Outflow = AStorage (17)
According to Ward (1975), Equation 17 can be applied at both the hillslope and catchment
scale at any time scale. In contrast, Singh (1989) reports that for reasonable water budget
estimates to be achieved, long time periods, greater than one month, are needed. It was felt
by the author that since the area on which the water budget was to be performed is relatively
small, a short time period of a few days was adequate.
Using the principles of the continuity equation and knowledge of processes occurring at the
hillslope scale (cf Section 2.1), equation 18 has been developed. A schematic representation
of a soil block is presented in Figure 68, which shows the components of the water budget.
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Figure 68. Schematic of soil block showing components used in water budget
equation.
The water budget equation is therefore











right lateral flow into the block under consideration (m3)







change in storage in the vadose zone (m3)
change in storage in the saturated zone (m3).
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Section 6.2.1 below outlines each component used in Equation 18.
6.2.1 Components of the Water Budget Equation
The components of the water budget equation have been calculated for four blocks, as











Figure 69. Segmented portion of Transect 1 used in the water
budget studies
Inflow, outflow and storage components from Equation 18 are grouped together, and their
calculation discussed in Sections 6.2.1.1,6.2.1.2 and 6.2.1.3 respectively, with results given
in Section 6.2.2.
6.2.1.1 Inflow Components (LLF, RLF, GI, R)
The dominant inflow components are left and right lateral flow as well as groundwater flow
from the area above the block under consideration. To calculate these flows, a form of
Darcy's equation was used, as follows:
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(19)
where Q = inflow (mm3.h'')
A = area under consideration (m2)
K, = saturated hydraulic conductivity of the soil (mm.h"')
AH = change in elevation between water tables (mm)
L = distance between observation points (mm).
Using water table elevations measured from each piezometer tube, AH is calculated. Using
measured K (cf. Section 4.3.3.1), a value for the K of the soil at the point under
consideration was determined (cf. Appendix G). Inflow into Blocks A and B have been
calculated as the contribution of the area from surrounding piezometer 2 to piezometer 3/4,
as this entire area has water moving downslope in response to the various gradients
calculated from Figures 64 to 67. The rainfall amounts which fell on the preceding day were
used in the calculations for the following days to calculate infiltration and the storage
changes within the vadose and groundwater zones.
6.2.1.2 Outflow Components (ET,P,RO,GO)
ET for each day was set to 2 mm (Schulze, 1997). Due to the fractured nature of the
bedrock found on Transect 1 percolation was not measured directly. Percolation was
therefore assumed to be 0.001 m. day'1, which according to Rawles et al. (1992) is the
water flux which occurs through fractured sandstone. Runoff which was observed on 22
and 28 December 1996 was assumed to be representative of the hillslope transect. These
runoff data were converted into runoff volumes for Blocks C and D (Figure 69). GI was
calculated in the same manner as GO using Equation 19.
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6.2.1.3 Changes in Storages (ASV, ASG)
Using recorded tensiometer data for the dates under review soil water contents for the soil






water content of the soil (m3.m )
soil water content at saturation (m3.m"3)
air entry pressure (m)
hydraulic head (m)
pore size distribution index.
These calculated water contents were verified against measured moisture contents (cf.
Section 4.4.3). The results showed the NMM data to overestimate the soil moisture
contents when compared to water contents derived from the tensiometer data. A plausible
explanation for these discrepancies could be attributable to the fact that the NMM measures
the concentration of hydrogen in the soil. Hydrogen is not only present in water, but also
in some clays. For this reason the soil water content could be overestimated. Nevertheless
the NMM measurements provide a usefiil verification of the estimated water contents.
However these estimated water contents were used since they are abundant (continuous
data set) and can be calculated anywhere along Transect 1. Table 16 shows the water
contents calculated at each location along Transect 1. The tensiometer nest at Pit 3 only had
one tensiometer in operation at 0.21 m, as shown in Table 16.
Using these soil moisture contents (Table 16), changes in vadose zone storage were
calculated for each day. Depths to the actual water table were taken into account to
determine the depth of the unsaturated zone for each day. Using these depths and soil water
contents, changes in storage within the vadose zone were calculated daily. A similar
procedure was used to calculate the changes in groundwater storage. Water table depth
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changes were converted into volumes. The product of these volumes and the (J) of the soil
yields the change in groundwater storage for any day.
Table 16. Water contents (m3.m3) calculated from tensiometer data at different depths











































6.2.2 Water Budget Results
Using the calculations and equations discussed in the preceding sections the final water
budget was calculated for each of the four soil blocks (A, B, C and D) shown in Figure 69.
Each of the four soil blocks was treated separately. Soil water outflows from Blocks A and
B formed additions to the blocks below, i.e. C and D. Results from these computations are
shown in Table 17. Results are given for a two day period. The water balance on 29
December 1996 is not shown, as this date served as the starting point from which change
in storages were calculated. Negative values indicate an outflow from the soil block in
response to negative hydraulic gradients.
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Using Equation 18, each component was used to obtain an answer in a form similar to that
in Equation 17. Results of total inflows, outflows and storage changes are presented in
Table 18. The percentage error is calculated as the difference between the total of inflows
less the outflows and the storage change.


























These results show that for 2 January 1997, during which large changes in storages
occurred, the sum of the inflows and outflows is less than the changes in storage, with the
opposite being true for 3 January 1997. Reasons for this could be that lateral inflows have
not been taken into account fully on 2 January 1997. On 3 January 1997 the overestimation
could be because too little water is exiting the system. This outflow is very difficult to
determine and from field observations during this time it was observed that large amounts
of exfiltration were occurring with macropore flow.
The results from this water budget show that subsurface processes are difficult to quantify
since the processes occurring at this scale are very complex. These results do not give
absolute answers to the many questions asked, but do provide a better understanding of the
types of processes which are playing a dominant role in the hillslope. The dominant
processes are seen to be interflow (GO, GI) cascading down the bedrock in response to
hydraulic gradients. Lateral flow also moves to the left and the right of the main transect
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because of the undulating nature of the bedrock. The changes in storage, especially in the
groundwater zone are large (Table 18) indicating water movement down the hillslope. The
storage change in the vadose zone is relatively less, but still plays a role in the overall water
budget. An important question to now ask is whether the HILL5D model can account for
these processes identified on Transect 1.
Since the main objective of the HILL5D model is to simulate perched water table movement
downslope, the model should perform well on this hillslope transect. As an input the
HILL5D requires the water table depth at the crest and toe of the hillslope. This may be the
weak link in this model because results from the water budget show water movement to
occur at all locations on the hillslope transect. These processes are simulated in Section 6.3
below using the HILL5D model.
6.3 HILL5D Simulations
Section 3.1 considers four hillslope models. It was surmised that the HILL5D model would
be able to simulate some of the main subsurface processes that occur along Transect 1.
Consequently HELL5D has been used in an attempt to simulate these processes, specifically
the movement of a perched water table downslope (interflow). The sections that follow
outline the main input parameters and present a qualitative parameter analysis. A simulation
has been performed for the period 20 December 1996 to 3 January 1997 and results are
compared with the water budget results.
6.3.1 Model Parameters
The main input parameters are outlined, and for the sake of brevity the parameters
concerning runoff and ET are omitted because this study is concerned with hillslope
subsurface processes. Descriptions of these parameters can be found in Smith and Hibbert
(1996).
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6.3.1.1 Hillslope Geometry and Topography
Figure 70 illustrates schematically the parameters used to describe the shape of the hillslope
segment. Each parameter shown is defined in this section. First, the distance between the
hillslope crest and toe (DS) is specified with the average hillslope angle (SURF). With
respect to soil depths, a program default can be used, where soil depths at the hillslope crest
(YU) and base of the hillslope (YB) are specified. Using these depth parameters HILL5D
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Figure 70. Diagram of hillslope section as simulated by HILL5D (after Hebbert
and Smith, 1990; Hebbert and Smith, 1996).
For a more accurate representation of the hillslope surface, up to 10 soil depths and slope
angles can be specified (NDX). The toe of the hillslope, having a width parameter (DXL),
is assumed to be a streambank. In this region of the hillslope, HILL5D allows some three
dimensionality by considering flow lines, which can be either convergent or divergent.
According to Bevan (1977), convergent flow lines are important in generating direct runoff,
as a result of increases in soil saturated depth. Thus, if flow lines are convergent the
parameter DWDX can be specified, this being the angle created by the tangent to the flow
lines.
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Relative hillslope elevations are calculated internally using SURF and DS, from which
information can be derived regarding soil water fluxes and perched water table movement.
Since the main objective of HILL5D is to track the movement of the perched water table
in soils of finite thickness, it is paramount that these surface elevations be accurate.
6.3.1.2 Soil Hydrological Parameters
The soil hydraulic properties are described by Brooks and Corey (1964) functions. The most
important hydraulic parameters in HILL5D according to Smith and Hebbert (1990), are the
saturated conductivity and the soil's capillarity. The saturated conductivity is specified for
the topsoil (PU) and the subsoil (PL) at the toe of the hillslope.
The saturated and residual water contents, which are standardised, take account of the
relative saturation and represent the maximum (SWMX) and minimum (SWMN) levels to
which water contents can reach respectively.
The soil's porosity (PHI), pore size distribution index (ALAM) and the air entry pressure,
or capillary suction (CF), are also required. ALAM varies between 0.01 and 2. Large values
imply a small CF and vice versa. The soil's anisotropy (FISOT) can be determined by
estimating the ratio of the downslope conductivity to the vertical conductivity.
The soil's physical and hydraulic characteristics, together with these soil parameters, are
vitally important in simulating soil water fluxes down a hillslope. A main downfall of the
HILL5D model is that one set of these parameters is used for the entire hillslope. This is not
adequate, since the soils on Transect 1 vary spatially and therefore one set of soil parameters
is not representative of the hillslope. This inadequacy becomes clearer in Section 6.3.3 in
which large discrepancies become apparent when comparing simulated results to actual data.
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6.3.1.3 Subsurface Process Parameters
For subsurface and groundwater flow, the upper boundary of the hillslope is always assumed
to be a no-flow condition, having a local water surface gradient of zero. If a perched water
table is present on the first day of the simulation, the outflow flux (QINI) needs to be
specified. The lower boundary (toe region around Pit 4) of the hillslope is a fixed head
boundary that can be fixed or be allowed to vary as the saturated zone changes in depth. In
this region the initial water table height (HOUT) needs to be specified, corresponding to the
initial water table height at the toe. Where fractured bedrock exists, leakage (CSKL) will
occur. This leakage flux can be specified as having a value of either zero, which is the
simplest case, or a value greater than zero. A value greater than zero induces a maximum
loss rate at the hillslope crest and a corresponding upward flux in the toe region (QWT), in
response to water flow down the hillslope. In such cases, uniform seepage rates are specified
using CSKL and QGW, by setting their values equal but with opposite signs.
6.3.2 Qualitative Parameter Analysis
After each input parameter was determined or calculated from field measurements and
observations, numerous simulations were performed. For each model simulation, the soil's
hydraulic parameters, QINI, HOUT, CSKL and QWT, and topographical parameters, YU,
YB, PU and PL were found to be the most sensitive parameters.
In total seven simulations were performed. For each, one parameter was changed and results
analysed. Table 19 shows the values used for each parameter in each of these simulations.
Explanations for each simulation follow.
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Table 19. Qualitative parameter analysis for the HILL5D modelling system. Bold





























































































RUN 1: Initial values of unity were used for CSKL and QWT. It was suspected that
the signs of these parameters determined the status of the water in the
profile. Reversing the signs showed marked changes in terms of the
simulated subsurface fluxes. Seepage areas developed from which
exfiltration occurred, resulting in overiand flow. Water tabie heights were at
a maximum throughout the hillslope. For these reasons these values were
obviously too high, therefore, these parameter values were decreased
accordingly.
RUN 2: As CSKL and QWT decrease and increase respectively, the seepage face
decreases, with a subsequent drop in water table heights. Final values used
were approximately 0.003.
RUN 3: An increase in QINI results in larger water fluxes and thus the original
calculated value used in Run 1 was retained.
RUN 4: As the water table depth (HOUT) at the base of the hillslope decreases, so
to does the entire water table on the transect. As the initial HOUT is a
measured value, it was kept as 0.50 m.
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RUN 5: Increasing the saturated conductivities of the topsoil (PU) and subsoil (PL)
changes the hillslope hydrology substantially. An increase in these
conductivities, allows water to flow more rapidly through the soil, hence
exiting more quickly, resulting in the rapid drying out of the profile. These
new K values (Table 19) were kept, as they seemed representative of the
area between GW 3/4 and GW 4 in the toe region of Transect 1.
RUN 6: A depth of 1.8 m (YU) is the shallowest depth that can be specified for the
top of the hillslope, otherwise the program does not run. Using a value of
1.2m, which is the actual depth of the location, causes the model to give an
error message.
RUN 7: As the soil depth in the toe (YB) of the hillslope is increased, water table
heights decrease and more water is retained in the soil profile and overland
flow or exfiltration decreases. Since 0.6 m had been measured in the field,
it was kept as such.
The final parameter values, shown in Table 19 were used in the final HILL5D simulation,
outlined in Section 6.3.3 below.
6.3.3 Simulation of Transect 1 using HILL5D
Using a detailed rainfall record for the simulation period {cf. Appendix I) and input
parameters, shown in Table 20, the HILL5D model was run. The layout of the input
parameter file is given in Appendix J.
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Tangent of the angle of intersection of two flow lines at hillslope toe.
Length of smallest segment at bottom of hillslope (m).
Number of segments into which hillslope is divided.
The average slope of the hillslope (%).
Soil depth at crest of hillslope (m).
Soil depth at toe of hillslope (m).
Hillslope length (m).
Saturated conductivity of topsoil (m.h"1).
Saturated conductivity of subsoil (m.h1).
Maximum level of soil water expressed as fraction of the porosity.
Minimum level of soil water expressed as fraction of the porosity.
The soil porosity (%).
Brooks and Corey (1964) pore size distribution parameter.
Capillary fringe height (m).
Brooks and Corey (1964) capillary suction / air entry pressure (m)
Anisotropy factor.
Initial value of outflow from the perched water table (m3. rr'.nr1)-
The depth of the perched water table at the bottom of the hillslope (m).
Interface leakage enhancement coefficient (m.h').
























Groundwater data collected from Transect 1 for the period 20 December 1996 to 3 January
1997 were compared with the simulated groundwater results. An example of such an output
is given in Appendix K. Figure 71 shows a comparison of observed and simulated
groundwater table heights in the toe region of the hillslope. Results show the simulated
groundwater tables to be less than the actual water tables and there is also a strong
systematic error with the curves diverging, at a location corresponding to GW 3/4 on the
hillslope. At GW4, observed water tables are initially lower than the simulated ones. These
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Figure 71. Simulated vs observed groundwater values with rainfall increments for the
period 20 December 1996 to 2 January 1997.
Figure 72 shows simulated subsurface and overland flow and their sum. Since subsurface
flow was not measured directly and no continuous runoff observations were made, no
comparisons can be made. However, with observed results shown in Figure 71 conclusions
can be drawn. Since, on average, water table heights were underestimated one can deduce
that subsurface flow is underestimated, as the latter occurs in response to the movement of
perched water tables.
Similarly, overland flow may be underestimated, although in comparison to the subsurface
flow it is very high. In this respect the water budget shows the opposite to be true with
subsurface flow being four times larger than the runoff.
These simulated results show therefore that the runoff fluxes are an order of magnitude
higher than the subsurface fluxes. Both fluxes respond to large rainfall peaks, with
subsurface flows having a larger response when compared with those associated with lesser
rainfall amounts. This is a contradiction to results obtained from actual groundwater
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measurements (cf. Section 5.3.1.2, Figure 43), which show groundwater heights to continue
to rise after a rainfall event, in response to subsurface flow.
HILL 5D Simulation
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Figure 72. Simulated subsurface and overland flow together with the total water
flux, for the simulation period.
These results show the importance of the soil parameters that are specific to the toe of the
hillslope. In the simulations the soil in the region of GW3/4 dries out too quickly, with other
locations on the hillslope being totally dry. ET may be the cause for the soil drying out too
quickly. A broad conclusion can be drawn. The further from the toe, the larger the error, in
terms of the water table heights.
A similar exercise, shown in Section 6.2, was carried out to calculate the water budget from
these simulated results. Using simulated results from 1 January 1997 to 3 January 1997,
parameters from Equation 18 were calculated. Owing to different simulated outputs,





subsurface flow into system (m3)
storage change (m3).
SFI is a combination of RLF, LLF (cf. Equation 18)and GI; RO includes GO and AS a
combination of ASV and ASG. Table 21 and 22 show a comparison of simulated and
observed results for each component and the total simulated and observed inflows and
outflows. The error term shown in Table 22 is the difference between the total of the inflows
less the outflows and the storage change.







































































These results show a large error for 2 January 1997 compared with the following day. This
implies that HILL5D continues to simulate relatively high subsurface and overland flows
although the water table heights are decreasing. These simulated results show, therefore,
that the HILL5D model does not account adequately for the subsurface processes along
Transect 1. A set of parameters could not be found to improve this conclusion.
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The main shortcoming of the model is in the simulation of the water table heights. The same
cannot be said for the subsurface and overland flows, since there are no observed
measurements of these processes. The simulated subsurface flow results may be correct but
this is doubtful because of erroneous water table heights.
6.4 An Overview of Water budget and Simulated Results
Results of the water budget showed that the GI component dominated, suggesting interflow
processes. Groundwater outflow was not all that high for the first day of the water budget,
but on the second day it was high. This was a result of large water fluxes exiting the
hillslope in the toe region as exfiltration. Change in soil water storage in the soil (vadose
zone) was not large, suggesting that all infiltrating water moved rapidly through the soil to
the capillary fringe. This rapid movement shows up in the change in groundwater storage
which was 23.8m3 for this event. The following day the change in groundwater storage
increased by 2.07 m3 possibly due to redistribution within the soil, entering the groundwater
zone after a few hours. GO was very large suggesting interflow and exfiltration as already
mentioned.
In comparison, the FQLL5D model undersimulates the interflow component and
overestimates runoff. On 2 January 1997 simulated changes in storage are 20 times lower
than measured changes. The following day these storage changes are double the actual
changes. This does not seem correct since if these changes were true, the SFI component
would surely have increased (Table 21).
The water budget results were considered acceptable as interpretation of the data conformed
to some initial assumptions put forward regarding the dominant processes which occur
along Transect 1. These processes include a dominance of water movement down the
hillslope as interflow, followed by exfiltration in the toe region. Also shown was that water
infiltrates vertically through the soil, replenishing the groundwater store. The HILL5D
simulations were disappointing, as results did not support those from the water budget
study. Reasons are many and include the fact that only one set of soil physical parameters
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was used for the entire hillslope. This is too much of a simplification of a complex real
system due to the spatial distribution of the soils found on this transect.
* * *
Procedures used to describe bedrock and WTH contours were presented in Chapter 6.
These contours are very useful to calculate soil water fluxes at the hillslope scale. These data
are very important in water budget studies. A simple water budget was presented, which
took into account some dominant processes which occur on hillslopes having shallow soils
underlain by semi-permeable fractured bedrock. Processes considered included runoff,
interflow, percolation and changes in soil water storage within the soil. A section of
Transect 1 was selected and water budget calculations were performed, using actual data
to calculate the necessary input components. Using the HILL5D model, a qualitative
parameter analysis was performed before simulating subsurface processes. Results showed
the soil hydraulic parameters to be the most sensitive. Subsurface processes were then
simulated. Results from both the water budget and simulations are presented.
Chapter 7 follows, in which a discussion is presented which aims to bring each chapter
together. Conclusions are drawn pertaining to this first phase research.
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7. DISCUSSION AND CONCLUSIONS
One of the predominant RDP objectives is to achieve the building of 300 000 new house per
annum. In order to meet this objective a large supply of timber is required. Current timber
production in South Africa does not meet these needs and therefore large scale afforestation
needs to be set into action. Most of the prime forestry regions in South Africa already have
commercial plantations, such as the Sabie and Zululand areas to name just two. New areas
therefore need to be sought.
The NEC, although climatically and physiologically marginal for the support of silviculture,
has been recognised as a potentially viable location for large scale expansion of commercial
plantations. The sustainability of afforestation in the NEC is questionable. Not only is the
NEC characterised by a hilly topography with shallow soils, but also has a range of complex
hillslope hydrological processes. Interflow down a hillslope followed by exfiltration induces
saturated conditions, which in turn replenish groundwater reserves from which rivers derive
their water. These saturated conditions are detrimental to forests, especially in the lower
regions of the hillslope.
Since this research is a pilot study, not all these questions can be answered, but a foundation
can be developed upon which further research can be conducted. In this way many questions
can be answered. This research therefore concentrates on a first phase which has three main
objectives. They are to understand and identify the dominant subsurface processes occurring
at the hillslope scale, secondly to set up a hillslope experiment to monitor these processes
and thirdly, to simulate these processes with an appropriate hillslope model. The second
phase objectives are to carry on the research once trees have been introduced. This phase
is outlined in more detail in Chapter 8.
To understand the dominant hillslope subsurface processes an intensive literature review was
undertaken (Chapter 2). Literature from a wide range of sources was perused and studied.
Most research carried out was very site specific with the research objectives pertaining to
specific processes. Results of such research all gave similar conclusions. These were that
interflow dominates hillslopes with shallow soils underlain by semi-permeable bedrock. In
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the presence of macropores water moves rapidly into the soil profile, bypassing the soil
matrix and replenishing groundwater bodies. This in turn, speeds up lateral flow production.
The achievement of these results was carried out by interception of flow, which is not only
destructive, but for reasons discussed in Chapter 2, induces unnatural conditions.
With a knowledge and comprehensive understanding of these processes the next step was
to identify the dominant processes which occur within a hillslope at Weatherly in the NEC.
To achieve this objective, an initial fieldwork component was conducted during which the
soil physical and hydraulic properties were determined. Thereafter, an intensive hillslope
experiment was established on Transect 1 (Chapter 4). Instruments included automated
tensiometers, piezometer tubes, neutron probe access tubes and a runoff plot. Monitoring
of all these instruments commenced for a period of 5 months from December 1996 to April
1997. Data collected pertained to the MPH of the soil, water table fluctuations and soil
moisture contents along Transect 1.
In comparison to the research reviewed in the literature, this study is different in that this
research considers the interaction of all processes. Data collected not only give an indication
of infiltration and redistribution, but also of processes which are occurring within the vadose
and groundwater zones. From these data the processes of interflow can be inferred and
estimates of subsurface fluxes can be made. Also, the use of these instruments does not
disturb the very processes which are being measured, compared with experiments using
excavations.
Having completed the three research objectives, overall results are presented (Chapter 5).
Results from the physical and hydraulic characteristic measurements show that on average
the percentage clay increases both down the soil profile and the hillslope transect. This
finding is substantiated by the bulk densities increasing in a similar fashion. As one would
expect, the saturated conductivity should conform accordingly, which it does, and decreases
with depth. These conductivities are greater on the crest and midslope due to the sandy
nature of the soils and are very low in the toe region which has a higher clay content. These
clayey soils have high unsaturated conductivities, which are seen also to increase with soil
depth. Using regression analysis a good relationship was determined between the
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conductivity and soil depth and clay contents (r2 = 0.78 and 0.80 respectively). The WRC
data show these soils along Transect 1 to have a large water holding capacity, especially at
deeper horizons. Within the topsoil horizons the WRCs show large desorption rates
indicative of the presence of macropores. All these results show, therefore, that the soils are
well drained and permeable which allows water to infiltrate rapidly, especially if macropores
are present. Upon reaching the bedrock these soils become more compact, as demonstrated
by high bulk densities forming a semi permeable barrier which induce perched water table
development.
Manual and automated tensiometer data collected show similar results. Data collected from
the automated tensiometers gave a more comprehensive data set which allowed the
calculation of fluxes and gradients. These MPH, groundwater and soil moisture data have
allowed some broad conclusions to be drawn. Interflow occurs within Transect 1 and is
dependent on various factors. These include the position in the hillslope, the AMC and the
initial depth of the water table. Low intensity rainfall events were seen to induce a maximum
rise in existing water tables, these having a larger response close to the toe region. After
rainfall has subsided, infiltration was seen to continue and water tables continued to rise for
a number of days after the event. On the midslope the water tables initially increased in
height, to a lesser extent, after which they dropped markedly. In contrast, water tables in the
toe region continued to rise due to water moving down the bedrock as interflow from the
water tables upslope. With large and high intensity rainfall events the dominant response
processes is surface runoff with little water entering the soil. Water which does enter the soil
profile was seen to wet up only the first 0. lm of the soil on average.
Using the data collected, a water budget of the hillslope was conducted in an attempt to
isolate the dominant processes and mechanisms (Chapter 6). These observed results were
then compared to simulated results using the HILL5D modelling system (Chapter 3), which
had been identified as the 'best' of three models to use under these conditions.
After completion of the water budget study similar conclusions were drawn. These included
that the dominant process is interflow, moving as a perched water table downslope,
followed by the subsequent exfiltration in the toe region. These results showed no
137
comparison to simulated results from the HILL5D mode. In conclusion it must therefore be
stated that the HILL5D model does not simulate these hillslope processes adequately.
Methods to improve this model's performance are presented in Chapter 8.
This research allowed considerable experience to be gained in the planning and setting up
of a hillslope hydrology experiment. Furthennore, experience was gained in to the various
instruments used and methods available to measure various parameters. Doing research of
this nature required many long hours to be spent in the field. On many occasions, Transect
1 was frequented during rainfall events during which many of the processes discussed, were
witnessed. These visits not only gave an appreciation of the complexity of hillslope
subsurface processes, but also made the data analysis task so much easier.
Mention therefore needs to be made pertaining to fieldwork. Many researches studying
hydrological processes seldom or never leave their offices. It is believed, in many cases, that
a computer simulation model will provide all the answers. An understanding of these
processes is paramount, however, before modelling can be achieved successfully, especially
if one is seeking a model to give the right answers for the right reasons.
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8. RECOMMENDATIONS FOR FUTURE RESEARCH
The research work presented in this document is possibly one of the first studies of this kind
and intensity to be carried out in South Africa. For this reason no local 'guidelines' could
be adhered to in terms of the setup of the experiment. In retrospect, with regard to the setup
of this hillslope experiment, some recommendations for the future and continued research
on this hillslope are outlined. These include the following:
%. Readings from the piezometer tubes need to be automated. This can be achieved by
using pressure transducers attached to the same logger that the tensiometers are
attached to. Together, the tensiometer and groundwater data will enable the
calculation of accurate water fluxes and the wetting up and drying times in the soil
in response to rainfall. ET can also be calculated using data collected from the AWS,
which is especially important in the toe region where the water tables are high under
saturated conditions.
b. More piezometers need to be installed, especially in the toe region of Transect 1.
They should all be installed to different depths within the soil, especially in locations
where clayey lenses are present. Infiltrating water upon these clay lenses may form
perched water tables before redistributing further into the soil. Currently the
piezometers are all concluded on bedrock. The midslope which showed little water
table activity suggests that maybe these perched water tables are forming higher up
in the profile.
c. Automated runoff plots would be extremely useful, using a tipping bucket system
so that real time runoff data can be collected. The data, together with rainfall
intensity and MPH data, will be useful in future water balance calculations.
d. Another intense GPR study should be conducted when the catchment is drier, so
that a definite bedrock topography can be defined.
e. Using this bedrock topography data, a DTM should be developed and compared to
the existing DTM of the surface topography of the transects. This may yield some
important information regarding soil water fluxes.
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f. An interception of interflow and macropore study should be initiated at a natural
seepage face. This seepage face exists in the toe region and should be used to collect
volumes of interflow, macropore flow and water which has exfiltrated.
g. Tracers should possibly be used to help determine the rate at which soil water moves
from one piezometer tube to the next down the hillslope.
h. More research work needs to be incorporated into the EULL5D model. A macropore
routine needs to be added and the ET component needs to be refined, since the soil
is drying out too quickly. The model inputs need to be changed so that soil physical
and hydraulic parameters at different locations on the hillslope can be used. With
these modifications the HILL5D model may simulate the processes on Transect 1
adequately.
The second phase of this research needs to have inter alia the following objectives:
a. Monitoring of subsurface processes using automated tensiometers and piezometers
should be continued and macropore and interflow should be measured more directly.
b. DTM of the bedrock surface should be developed and used in simulation modelling,
e. Processes after the introduction of trees should be monitored.
d. These results should be compared with those from the first phase to answer
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APPENDIX A
Data relating to soil surface and bedrock elevations above a reference point (1300 m),
located just below GW4. Included is the actual soil depth. GW and RO refers to





































































Calibration equations for all pressure transducers to convert electronic signal to a

































-32.6861 + 168.4173 (V)
-34.0115 + 167.7089 (V)
-33.064+167.2951 (V)
-32.7096 + 168.5667 (V)
-33.1953 +167.9024 (V)
-33.9398 +168.1365 (V)
-39.3731 + 168.8522 (V)
-30.7445 + 168.8286 (V)
-33.1193 +167.5022 (V)





























8191 (x 4 channels)
Average of 256 samples per point per
channel
Pre-set to 12 minutes
16 seconds
RS232 (9600bd, no parity, 1 stop bit,
hardware flow control)
ASCII text file, tab delimited, one data set
per row
172032 bytes
2 min 51 sec
Motorola MPX5100DP
6 Volts dc
6 Volt 7Ah, Sealed Lead Acid
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APPENDIX D
The following tables give information relating to the tensiometer and transducer number
with tensiometer lengths and depths below the soil surface for each tensiometer nest shown







































































































































Example of water retention characteristic curve fitting procedure using Brooks and Corey
(1964) parameters. Shown is the water content and matric potential values derived from the
controlled outflow cell with effective water contents (Se) values calculated using Brooks
and Corey (1964) equations.

























































































































































































































































































































































































































































































































































































































































































































| m Sieve Data
j A Hydrometer Data
i - H .
'" 1 Per Cent Sand (%) . 6 0
j Por Cent Silt (%> =28





Per Cent Sand (%) * 70
Per Cent Silt <%t - M
Per Cent Clay (%) - 16
,.****
I
PAK I'TCI.C SIZI. (m
FigurelF. Pit 1.0.50m Figure2F. Pit >- 1.10m





P^r Cent Sand {%) = 65
Per Cent Silt (%) * 20





\ * Sieve Data
110 "1 A Hydrometer Data
i ! - F»
g « - Per Cent Sand (%) = 5 5
g Per Cent Sill (%> = "
g » ~j Per Cent Cla£(%) _= 2 8
Figure 3F. Pit 2, 0.26m
Figure 4F. Pit 2, 0.60in
i LEGEND
i * Sieve Data
] A Hydrometer Data
g
8 « - Per Cent S»nd (%) = MPer Cent Sill (%) . 2 6
fl 40 - Per Cent Clay (%) = _ J
PARTICLE SIZE t






Per CeiU Sand (%) = 50
Per Cent Silt (%) = 28
Per Can Clay (%) = 21
0001 001 01
PARTICLE 317.H [mm>
Figure 7F. Pit 3, 0.40m
0.01)1 -001 0
PARTICLK
L - ^ '.LEGEND
•! — •• -Sicve-Datft -
[ A Hydrometer Dal a
• [ • • — H
1 Per Cent Sand(%) = 35
•|*ei€enfrSilKW)"--= -27-
, Per Ccnl Clay (%) = 3 R_




Per Cent Sand (%) = 60 j - • - . : -•/-
P e r C e n t S i l l ( % ) = 3 1 ! : /
_j Per Cent Clay (%) a y j ; ^
Figure 9F- Pit 4, surfece
162
APPENDIX G
Hydraulic conductivity data, water retention and hydraulic conductivity characteristic curves
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Figure G18. Water retention
characteristic. Pit 3, 0.70m.
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APPENDIX I
Example of a section of the H1LL5D input rainfall file.































































































































































































Input Menu for the final H1LL5D Simulation
**HILL5D Final Simulation
20 December 1996 to 3 January 1997
WEATHERLY TRANSECT 1
KHOUT KSUBF UNITS JPRNT JIMIOS JIDEP HINIT[Option and Init. Data]
1 0 1 1 0 0 0
IQP IPR JPLO JPROF JCHAN JBAL JEVAP JSALT jlin
1 1 2 1 0 1 1 0 0
DS NDX DXL DRAT SURF YU YB HOUT DWDX[Geometry Data]
145. 18 10.0 2.0 0.11 1.80 0.60 0.30 0
CPC PHI SWmx SWran ALAM CF QINI TINC [Soil Hydrology]
.35 0.32 0.96 0.10 .324 0.52 0.0007 20.0
NCK PU PL QWT FISOT CFHD CSKL
1 .030 0.028 0.0030 1.0 1. -0.0030
DTR ALPHA TEMP RFMAN CVF ITERMX [Other Control Parameters]
1.1 0.6 18.0 0.25 .005 50
Nodes N1,N2 at which GW depths are followed in output:
15 18
Nbf [no. locations at which profile tslope dad depth are given (below):]
7






























[Profile Evap. control parameters]
12 monthly mean pan Evap. values:
4.60 4.60 4.20 3.40 3.30 2.90 3.10 3.92 4.28 4.65 5.50 4.58
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APPENDIX K
Output from final HILL5D simulation
Outputs



















































































































- 2 8 . 0 0
-28 .00
-26 .48




- 3 7 . 2 3
-14 .70
- 1 1 . 9 5
- 8 . 9 9
- 5 . 7 9
- 3 . 0 2
- . 9 9
- . 6 0













































































- . 3 5 0
- . 3 5 0
- . 3 5 0
- . 3 5 0
- . 3 5 0
- . 3 5 0
- . 3 5 0
- . 3 5 0
- . 3 5 0
- . 3 5 0
- . 3 5 0







































































































. 0 0 0 0 0
.55895
. 6 5 2 1 3
.64648
.82378
.81113
.78506
.74231
.67444
.57496
.48324
.44818
.46322
.50432
.54878
TOTAL
(mm
.28149
.71279
.68195
.67992
.85718
.84450
.81843
.77568
.70781
.68109
.66213
.62708
.64223
.68104
.65257
Hillslope:
.tr1)
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
Evap
a
.00
.00
- .50
- .92
-1.06
-1.05
-1.05
-1.06
-1.08
-1.12
-1.20
-1.38
-1.59
-1.90
-2.25
Error
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